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ABSTRACT

The thesis is concerned with the calculation o f  carrier 

m obilities in organic molecular crystals.

Five models which have been proposed to account for the 

transport o f charge carriers in such crystals are discussed and 

evaluated in the light o f the most recent improvements in the 

estimates o f transfer integrals; and from these fiv e , two have 

been chosen for further consideration.

Numerical calculations have therefore been made for  several 

aromatic hydrocarbons and heterocycles under conditions in which the 

electron -  la ttice  interactions are both strong and weak, and for 

which the crystal wave function may be represented respectively by 

localized molecular wave functions, and by Bloch sums o f molecular 

wave functions within the crystal.

The use o f molecular orbitals based on single Slater -  type 

atomic orbitals in the calculations o f energy band structures has 

been assessed; and a procedure, based on a simple configuration -  

interaction treatment, has been developed for  the consideration o f 

the e ffe cts  of band -  band interactions in those crystals wherein 

the molecular energy levels , which give rise to the energy bands 

in the so lid , are degenerate.

A study has also been made of the e ffe cts  on the calculated 

m obilities in anthracene o f the temperature dependence o f the 

transfer integrals.
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CHAPTER (1 )

INTRODUCTION
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The behaviour of materials when subjected to an applied fie ld  of 

varying intensity led in itia lly  to their classification  into 

(1) conductors ( i .e ,  those such as copper and graphite that readily 

conduct electricity)and (2) insulators ( i .e .  those such as diamond 

that did not) .

The conduction properties of metals were accountable by Drude 

and Sommer^ield in terms of free-electron theory 0 5 5 ; whilst the 

distinction between conductors and insulators was resolvable in terms 

of the band theory of so lid s. The origin and mathematical description 

of energy bands in high resistiv ity  solids is discussed at some length 

in Chapter 2; so for the moment i t  is su fficien t to give a purely 

descriptive account of the processes involved.

When atoms (or molecules) condense to form a so lid , the 

discrete atomic energy levels are broadened due to nuclear-electronic 

and electronic-electronic interactions. Thus the discrete energy 

levels of the atom degenerate into broad energy bands in the so lid .

The two extremes cited above are illustrated in figure (1 .1 ) .

Band
Fermi surface at 0°K. 

occupied states

conduction band. 

Energy gap.

valence band.

(b)

Figure (1 .1)



Figure (1*1) (a) shows the band picture o f a typical monovalent 

metal* In the ground state electrons with paired spins w ill  f i l l  

the lower half o f the energy band and hence this w ill be incapable of 

supporting conduction. However, there are current carrying states in 

the band an infinitesim al distance in energy above the top of the 

f i l le d  band, thermal fluctuations w ill ,  therefore, be su ffic ien t to 

excite electrons into these levels and the so lid  w ill  be a good 

conductor. Because o f  the very low energy o f activation o f excess 

carriers the conductivity w ill  show l i t t le  temperature dependence, 

except in so far as this governs the mechanism by which the carriers 

are scattered.

The second situation shown in figure (1.1) (b ), illu stra tes the 

case for a solid  having a fu ll valence band above which is  an energy 

gap, E gap, followed by a conduction band. In the ground state such 

a system w ill be incapable o f supporting conduction since a fin ite  

excitation energy is  required to carry electrons over the energy gap 

into the band o f higher energy. I f  the necessary energy cannot be 

supplied by the thermal or e le c tr ic  f ie ld s , then the so lid  w ill  act 

as an insulator. However, i f  the energy gap is  re latively  small such 

that at a particular temperature, T , there is  a small but fin ite  

density o f electrons excited by thermal fluctuations or by other means 

in the upper band, then the material w ill  have a small but observable 

conductivity. Since the density o f electrons in the upper band is

characterized by a Boltzmann factor o f the type exp(- E /k 0T), theBaP
conductivity w ill increase rapidly with temperature. Materials 

exhibiting this type o f e le c tr ica l behaviour, o f which many organic 

solids form a part, are termed semi-conductors. Organic materials 

exhibiting the above behaviour are usually termed "Organic 

semi-conductors".
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The f ir s t  paper on the subject is considered to be that of 

Stoletov (1 ), who, in 1888, observed the existence o f the photo 

vo lta ic  e ffe ct  in dye films irradiated with u ltraviolet ligh t.

Later Pochettino (2) in 1906 reported the photo conductivity of 

anthracene which was studied further by Byk and Borak (3) and 

Volmer (4 ), however, i t  was not until the 1940's that the study 

o f the e le c tr ica l properties o f organic solids began to gain momentum.

The study of semi-conduction processes in organic so lid s , 

especially compounds o f b io log ica l in terest, received a stimulus 

after Szent-Gyorgyi's (5-7) publications on their b io log ica l 

implications appeared in 1941, In the years that followed many papers 

were published on both theoretical and experimental aspects o f the 

role o f e lectron ic conduction in b io log ica l processes (8) .

Brillouin (26) has suggested that the periodic structure of 

deoxyribonucleic acid (DNA) should give rise to an energy band 

structure and several calculations (27), based on sim plified model 

structures and using the SCF-LCAO -  crystal orb ita l method (24), have 

been reported,

A further stimulation was provided with the widespread success 

o f inorganic semi-conductors in the fie ld  of e lectron ics. However, 

the range of inorganic materials is  only a fraction compared to the 

immense number o f organic materials that are available which led to 

the idea of synthesising a particular molecule for  a definite purpose. 

A rather intriguing example o f this is  the proposal by L ittle  (25) o f 

a possible structure for  a superconducting polymer which, according 

to L it t le , should remain superconducting at and w ell above room 

temperature.

In a large proportion of the earlier  work on the dark 

conductivity o f organic so lid s , the experiments took the form o f
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determining the temperature variation o f the res is tiv ity  (or 

conductance). It was found that the conductivity, a , invariably 

obeyed the equation

where k(j is  the Boltzmann constant and oq is  a constant, largely 

temperature independent and termed the sp e c ific  conductivity. From 

the gradient o f the loge (a) vs 1/T curve the value of E was 

determined. The value o f E usually in the region 0.5 -*■ 3.0 eV. was 

then ascribed to the energy band gap for in trin sic  carrier generation. 

However, more recent photo conductive experiments indicate that this 

is very much an over sim plification  of the mechanism o f charge carrier 

generation and that the true energy gap for in tr in sic  generation o f 

charge carriers is ,  for anthracene at least, much higher (9 ). Pope, 

Kallmann and Giachmo (9) estimate that the band gap for in trin sic

carrier generation is greater than the energy o f the singlet state in
\

the isolated molecule.

The mechanism o f carrier generation in organic molecular 

crystals, particularly anthracene, has been extensively studied and 

various mechanisms have been proposed, however, the subject is  far 

too diverse to discuss here. The review a rtic le  of Le Blanc (10) 

and the references quoted therein contain more detailed information.

On the basis o f so lid  state theory the conductivity, a , is 

related to the ve locity  with which a carrier moves under a unit 

e le c tr ic  f ie ld , y , through the equation :

a m ao exp(- E/2kpT) (1. 1)

a ■ nz e u ( 1 . 2)

when only one type o f  carrier is  present, and

(1.3)



where ' i '  types o f charge carrier are present and z^, n^, and 

are the charge, number and d r ift  m obility, respectively o f specimen i .  

e is the charge o f the electron . The d r ift  m obility, often shortened 

to sim plify the m obility, p , o f charge carriers is a more 

fundamental property of the crystal than the conductivity, a , and 

can be considered as providing a measure of the ease o f which an 

electron , or hole, can move from molecule to molecule in the so lid .

The study of m obilities o f excess carriers in organic single crystals 

has been enhanced by the introduction and wide spread use o f Kepler's (11) 

pulsed photo conductivity technique and the discovery by Kallmann and 

Pope (12) o f techniques for forming ohmic in jecting contacts. Room 

temperature measurements o f the d r ift  mobility indicate that, for 

aromatic hydrocarbons, they are o f the order 1 cm2/v o lt -s e c  and, 

for the re latively  few cases in which the mobility along different 

crystal axes has been determined, anisotropic. Temperature 

dependence studies indicate that the mobility almost always varies 

as some inverse power of the absolute temperature. Kepler (11) found 

a T“ 1 dependence for the hole mobility along the ja axis in 

anthracene. Bogus (14) observed a variation T“ 2 between 230° and 

270°k, Delacote (15), T“ 1»7 between 280° and 400°k for hole 

conduction in the jc' (a x b) direction while Raman et al (16) 

observed dependences o f T“ 1»1* -  T” 2,3 for d ifferent crystals between 

295° and 333°k. Belper (17) found a T“ 1»5 variation for both holes 

and electrons in the ^  plane o f pyrene, T“ 1» 3 and T" 2,0 , for  

holes and electrons respectively, along the jc ' axis. A notable 

exception to this kind o f temperature dependence is  the electron 

mobility along the £ '  axis in anthracene which has a temperature 

variation o f T+®*3 .



In contrast the m obilities in ferrocene and triphenylamine 

are very much smaller than 1 cm2/v o lt  sec. and are temperature 

activated (18) suggesting a d ifferent mechanism to that in higher 

m obility crystals.

The T n temperature dependence o f the d r ift  mobility observed

for aromatic hydrocarbons is qualitatively the same as that found in

inorganic semi-conductors, known to be ameniable by energy band

treatment, while the much lower, thermally activated m obilities in

ferrocene and triphenylamine are similar to those in nick®4 oxide

crystals with small amounts of lithium as impurity (19). Yamashuta

and Kurowasa (20, 21) have explained the experimental features o f NjO

in terms o f the Heitler-London scheme in which the electron or hole is

bound to a particular site  for a su ffic ien t length of time to polarize

the surroundings resulting in the carrier becoming s e lf  trapped.
oOn the basis o f this model, Yamashuta and Kurwasa established an*1*

upper lim it for the mobility o f 0.6 cm2/v o lt -s e c .

The qualitative agreement o f the temperature dependence o f the 

d r if t  mobility in aromatic hydrocarbons and inorganic semi-conductors 

has led several authors to attempt theoretical treatments o f the 

transport in organic crystals by the standard Bloch band theory 

method (38), By considering the crystal to be absolutely and 

perfectly  rigid  and treating phonon interactions as small perturbations 

which scatter carriers between eigenstates within an energy band, 

reasonable agreement with the observed d r ift  m obilities were obtained. 

In addition the Hall e ffe c t  in anthracene was predicted to be anomolous 

in both sign and magnitude ( 100) ,  a point which has since been verified  

experimentally (22) .

Several alternative models o f charge carrier transport have been 

proposed in which conduction occurs via resonance transfer between
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localized states. These together with the energy band model are 

discussed in greater detail in Chapter (2 ).

This thesis is concerned with the calculation o f the mobility 

o f excess carriers in organic homomolecular (23) crystals, these 

form the simplest type o f organic so lid . Because of the lack of 

data relating to the mechanism of conduction i t  was necessary to 

calculate the mobility by two models corresponding to the cases 

where the mean free path o f the carriers is  either greater than or 

less than the la tt ice  spacing. At the instigation of this work 

calculations had been restricted to naphthalene, anthracene and a 

few simple polyphenyls and subsequently these have been extended to 

include a series o f  condensed polyacenes and a number of nitrogen 

containing heterocyclic molecules.
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CHAPTER (2 )

theories of the transport mechanism in organic molecular crystals

2*1 Introduction.

2.2 Tunnelling and Hopping models.

2.3 The energy band model o f conduction in

organic molecular crystals,

( i )  Origin o f energy bands in so lid s .

( i i )  Construction o f  the crystal wave function -  

The Bloch Theorem.

( i i i )  Derivation of the energy expression.

(iv ) Conditions imposed by the energy band model.
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2.1 Introduction

The proposed models o f charge carrier conduction in organic solids 

can be roughly divided into two groups ( 1) those in which the carrier 

moves via a series of localized states (44,47-63) and (2) those in which 

conduction occurs in a wave-like motion, the carriers being period ica lly  

scattered by la ttice  phonons, crystal defects e tc . The models in the 

localized state group can be further subdivided into those in which the 

carrier is  envisaged as tunnelling through a series o f potential barriers 

(47-50, 52-54), 59-63), which are termed tunnelling models, and those in 

which the transfer probability distribution is randomized after each 

transfer (44,55,56,65), i . e .  the carrier is  arb itrarily  assumed to be 

scattered after each transfer, such models are termed resonance transfer (65) 

or hopping (44) models. The model o f Gosar and Choi (51) cannot be 

s t r ic t ly  assigned to either o f these two subgroups, but in many ways i t  

has strong connections with the la tte r .

I t  is  the object o f this chapter to discuss some o f the more 

sophisticated o f the above models in the light o f more recently reported 

values fo r  the energy transfer integrals and also with a view to the 

extension o f the models to molecules other than naphthalene and anthracene. 

Since, in general, the extent o f electron-phonon coupling is  unclear i t  

is  necessary in several cases to calculate the mobility o f excess 

carriers in both the localized  and delocalized representations. For 

convenience the models are discussed in two sections corresponding to 

the two groups outlined above.

In section (3 .4) the conditions to be sa tis fied  for  the energy 

band model to be applicable are outlined

2.2 Tunnelling and Hopping models

Of the tunnelling models of carrier transport the most refined
i

are those o f Keller and Rast (60) and Keller (63) which are essentia lly  

extensions o f the models o f Eley et al in which the temperature
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dependence of the mobility is  incorporated into the model by allowing

the energy barrier to vary sinusoidally as a result o f la ttice  

vibrations. Such variations are predicted to give the m obility a linear 

dependence with temperature, the slope o f the curve being either positive 

or negative depending upon the parameters chosen. Application o f  the 

method to anthracene revealed that the parameters which gave good 

agreement with the experimentally measured m obilities (69,75) gave rise 

to a temperature dependence opposite to that obtained experimentally (69) 

while those chosen to give a negative temperature dependence led to rather 

high values for  the m obility. The temperature dependence o f the model 

has been c r it ic ise d  by Tredg^gold (64) who pointed out that within the 

framework o f the model the mobility should always increase with 

increasing teiqperature» An additional anomaly in the model, as mentioned 

by Keller and Rast (60), is  that the mobility o f excess electrons, which 

are associated with the f i r s t  excited state o f the free molecule, w ill 

always be greater than that o f excess holes, which are associated with 

the highest bonding molecular orb ita l.

The resonance transfer model o f  conduction in organic molecular 

crystals was f i r s t  proposed by Kearns (65). Based on time-dependent 

perturbation theory, the time in which an electron , localized  on 

molecule i  , takes to move to a neighbouring molecule j is  given 

by ( 66)

( 2 . 1 )

where H* describes the perturbation o f the donor molecule i  , 

produced by the neighbour j  , are the molecular wave functions
J

o f molecules i  and j „ The m obility o f  charge carriers can be 

related to t.^ through (67,68) s

V m a2 e /(k 0T t.^ ) (2 .2)



where a is  the transfer distance and k0 the Boltzmann constant. 

M obilities calculated on this model are predicted to vary approximately 

inversely with temperature, T . Application to crystalline 

anthracene (65) showed the predicted anisotropy of the hole mobility 

along the crystallographic axes b and £ ’ (a x b) to be :

ybb " 2waa * 5V c ’ (2*3>

where are the diagonal elements o f the mobility tensor, y ,

corresponding to the mobility along axis i  . This is in good agreement 

with experiment (69,75) but the predicted anisotropy o f the electron in 

the ab plane was

v '  2\ b  - « . «

opposite to that observed experimentally. The absolute values o f the 

m obilities calculated by Kearns (65), were " 5 times too low, which, 

in view of the approximations used to estimate the integrals in 

equation (2 . 1) can be considered to be reasonable results.

In the above model the e ffe cts  of electron-phonon interactions 

are not considered e x p lic it ly . This problem has however been treated 

in some detail by Goser and Choi (51) who studied the e ffects  o f  the 

fluctuations o f the polarization energy and the transfer integrals on 

the electron and hole motion in crystalline anthracene. The acoustic 

and intem olecular vibrations o f the la ttice  displace or change the 

orientation o f the molecules within the crystal resulting in 

fluctuations in the polarization energy, thus coupling the electrons 

with the phonons, and the energy transfer in tegrals. The la tter  types 

o f interaction has also been studied by Friedman (70). In a very 

elegant piece o f mathematical analysis in which the wave functions o f 

the charge carriers are represented by Wannier functions (76,77) and

-  12 -
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the mobility calculated using the linear response theory o f Kubo and 

Tomita (72,73), Gosar and Choi derive the following expression for the 

m obility tensor, y  J

ire
k0T r  CEj ~  iji j +

3 x

[2n(X) + O  } / « ( i , j ) (2.5)

where J£j is the transfer integral between molecules i  and j  whose 

geometrical centres, at equilibrium, are defined by the vectors and

r. respectively. The parameters u ( i ,j ,X )  and a ( i , j )  contain the 

e ffects  o f electron-phonon interactions and n(X) is  the thermodynamic 

equilibrium number o f phonons in mode X . The second term in curly 

brackets represent the contribution to the mobility _y from phonon 

assisted tunnelling and can be related to the transfer integrals, J „  , 

through

ZI u (i, j , x ) 12 [2<fn(X) + 1~\ 
X

!  fcpT 

it2 ps2 r . .

2

0

r . .
i j

(1 s in (x )» 
x ' dx (2 . 6)

where q is the wave number corresponding to the Debye frequency; max
o ■ 12irz/V , V being the volume o f the unit c e l l ,  p is the Tiiax c c
density o f  the crystal, and s the velocity  o f sound in the so lid .

Gosar and Choi assumed the d ifferen tia l in equation (2.6) to be o f  the 

form,

3J..
-  A J i j  <2 ' 7>

1J

where A is constant, and using a value A - 0 c4nm. estimated that the
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e ffe c t  o f phonon assisted tunnelling is  to e ffe ctiv e ly  increase the 

energy transfer integral by between 35 and 69% depending upon the value 

selected for the ve locity  o f sound. Using the energy transfer integrals 

o f Katz et al (40), Gosar and Choi obtained values o f the elements o f 

the mobility tensor in very good agreement with those obtained 

experimentally for a ll but electron ic conduction along the jcf axis.

The lack o f agreement along this axis they claimed was a result of 

inaccuracies in the transfer integrals.

The calculation of transfer integrals has been investigated by 

Glaeser and Berry (44) who showed that they could be expressed as :

j  ■ [j(resonance) + AJ(resonance) + J (e le ctrosta tic )} . S.^ (2,8)

where J(resonance) is  a sum of terms involving the neutral molecule 

potentials (for  excess electrons) or positive ion-molecule potential 

(for  holes) and terms arising from the intermolecular exchange.

AJ(resonance) gives the correction to these terms which results from 

the use o f polarized orb ita ls . J (e lectrostatic) represents the 

off-diagonal elements o f the long range interaction between the 

access charge and the induced dipoles on neighbouring molecules. S.^ 

is  the product o f overlaps o f  neutral molecules polarized by a charge 

at i  with a neutral molecule polarized by a charge at j . Glaeser 

aid Berry considered two cases, one in which the outmost orbita l was 

polarized, the second in which a ll seven orbitals were polarized.

E xplicit calculation (44) o f AJ(resonance) and J (e lectrosta tic) 

fo r  the f i r s t  case shewed the two integrals to be o f opposite sign and 

very much less than J(resonance) thus neglect o f those interactions 

introduces errors well within the computation errors o f J(resonance).

Thus for  this case the principle e ffe c t  o f including polarization has 

in the overlap factor, S.^ , which serves to reduce J(resonance) by 

a factor o f about a h a lf. For the second case the term AJ(resonance)
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was found to be extremely small, the overlap factor very close to

unity while the term J (e lectrosta tic) was an order o f magnitude smaller 

than J(resonance) . Therefore for this second case the e ffects  o f 

polarization can be neglected. The two functions described above 

represent the two extremes o f  the polarization and the true e ffe c t  w ill 

be a compromise o f the two.

The carrier m obilities, calculated using the integrals o f Glaeser and 

Berry (44) for the two extremes o f polarization and the method o f  Gosar and

Choi (51), are shown in table (2 .1 ) . From these i t  can be seen that

transfer integrals, incorporating the e ffects  o f molecular exchange o f the 

excess electron or hole, serve to vastly increase the calculated values o f 

the m obilities which, with the exception o f the electron in the c f

d irection , are o f the order o f 4 -  10 times too large. The high values o f

the m obility probably arise as a result o f inaccuracies in thè calculated 

values o f the polarization fluctuation constant, a , the accuracy o f which 

Gosar and Choi claim is only an order o f magnitude value. This is 

substantiated by the essentially  correct prediction o f the mobility 

anisotropy and the ratio  p+/y_ , but again the electron m obility along 

the c ' axis is  an exception to the rule. A possible method of 

overcoming the problem is  to treat the constant, a , as an adjustable 

parameter. However, this would put the model on par with the energy band 

model, which is  treated in a la ter section , since, s tr ic t ly  speaking, 

both models would only be capable o f predicting m obility ra tios . I t  is 

worth noting that i f  the expression for the mobility on the Gosar -  Choi 

model is  written in the form

ire _1 
k0T o l  <£j -  V ( r .  * W 2

j
(2.9)

where ' is  the transfer integral, including the e ffects  o f  phonon 

assisted tunnelling, between molecules i  and j  , i t  is very sim ilar



Gosar and Choi G laeser and Berry Expt.
I I I I I I IV I II V VI

11.8 12.4 1.6 7.1 5 .8 1.2 0 .95 1 . 7+0.2
9 .5 10.0 5.4 4 .5 1.7 1.1 0.98 1 . 1+0.1
0.04 0.04 0.07 0.01 0 .3 0.2 0 .15 0 .4

(a)
I I I I I I IV I II V VI

6.6 6.6 3.3 3.7 0 .9 0.6 O.56 1 . 2+0.2
16.2 16.2 7 .3 8 .3 1.8 1.2 1.02 1 . 8+0.2
5.4 5.4 1.4 1.6 1.8 1.2 1 .02 0.8

(b)

T able(2 .1 )

Values o f  the m o b ilit ie s *  o f  excess e le ctro n s (a ) and h o les (b )

computed using the Gosar-Choi and G laeser-B erry m odels.

I  ca lcu la ted  using the in te g ra ls  from R e f(4 4 ) (no p o la r iza tio n ) 

and s = 1.77»3 m /sec.

I I  ca lcu la te d  using  the In tegra ls  from R e f(4 4 ) (no p o la r iza tio n ) 
and s = 3 .44»3 m /sec.

I l l c a lc u la t e d  using the in te g ra ls  from R e f(4 4 ) (ou ter most o r b ita l  

p o la rized ) and s = 1 . 77»3 m /sec.

IV ca lcu la ted  using the in te g ra ls  from R e f(4 4 )( ou ter most o r b ita l  

p o la rized ) and s = 3 .44jo3 m /sec.

V values taken from R e f(4 4 ).

VI R e f ( l l ) .

*u n lts : l » -4  ma/v o l t - s e c .
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to the band-model expression for the mobility in the mean free time 

approximation (38) :

e t0
k^r <<v. v.>> 

i  J
( 2 . 10)

with tg proportional to and the ve loc ities  v. to (r . -  r . ) J . . '  .
“ J - J  l  l j

These sim ilarities are reflected in the predicted anisotropy o f the 

m obility tensor, which is rather fortuitous since extension of the 

Gosar -  Choi method to other organic molecular-crystals is limited to the 

few crystals in which the ve loc ity  o f  sound is  known.

An alternative method for  the m obilities o f excess carrier in organic 

solids has been proposed by Glaeser and Berry (44). In some ways the 

model has close sim ilarities with the resonance transfer model of 

Kearns (65). As this model has been used extensively in this thesis the 

model w ill  be treated in rather more deta il than has been given to the 

previous models.

The crystal wave function is  constructed as an antisymmetrized 

product o f molecular wave functions in which one molecule is  either a 

positive or a negative ion and the remaining molecules are perturbed by 

the ion ic  molecule. I f ,  at time t ■ 0 the charge is localized on 

molecule 1 then the exact (non stationary state) wave function is 

given by :

t (0 ) «  A V. (2a ± 1) n f . (l> (2a) (2.11)
1 J

where a is  the number o f f i l le d  orbitals in the neutral molecule,

4'. (2a ± 1) denotes the wave function o f appropriate molecular ion,

T ^ ( 2a) is  the wave function o f a molecule in  the f ie ld  o f  this ion
j

as A is  the normalized antisymmetrising operated, permuting electrons

between the molecules.
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In the Glaeser -Berry model (44) the excess charge originally 

localized  on molecule 1 (say) moves slowly onto other molecules so that, 

at a particular time, t , the crystal wave function 4>(t) becomes a 

supposition o f 4̂  and other 4'^'s , where 4̂  is the molecular wave 

function of the i-th  molecule. After a short time, At , i t  is  supposed 

that the charge is relocalized on a molecule, j  , in the near 

neighbourhood of molecule 1. Thus the wave function 4>(At) is given by :

$(At) -  T.J

Physically this means that in time At the excess carrier has jumped from 

molecule 1 to molecule j .  An additional assumption is  made that the only 

transitions of importance are one step jumps whose jump probabilities and 

frequencies are independent o f each other. This assumption is  ju s t ifie d  

by the small values and rapid depreciation of the perturbation matrix 

elenents (the transfer integrals). This being the case the system can be 

treated as a two state system and the wave function $(t) can be expanded 

in the wave functions 4̂  o f the unperturbed time dependent wave equation 

where the expansion coe fficien ts are time dependent.

Within the assumptions o f the model outlined above the charge 

localized  on molecule 1 at t -  0 moves to molecule i  in time

t. -  h/4|Ji | (2.12)

where | |  is the transfer integral between molecule 1 and i  . This 

expression is  sim ilar to that used by Kearns (65), however, on their 

model the osc illa tion  frequency is  calculated on the assumption that 

molecules 1 and i  are e ffe c t iv e ly  isolated such that resonance 

transfer occurs only between these two molecules in which case

t. -  h /21J . Il  1 l 1
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However, the Glaeser -  Berry model requires that there are several 

available states so that the wave function localized about molecule 1 

at short times is

The probability that the electron jumps to a particular s ite  j w ill be

where jTj is  the vector connecting the geometrical centres o f molecules 

1 and j and the summation i  goes over a ll molecules in the 

neighbourhood o f molecule 1 . On the assumption that the probability 

distributions, t (jt) » are randomized after each jump the system can be 

treated as a stationary Markoff process. This enables the basic 

probability distribution i ( jn )  to be related to the probability 

distribution , w(x|y, t) , o f the particle  at position  y , originally  

at x , a fter time t , a fter a large number o f jumps (78). In e ffe c t  

the second moments o f the probability distribution w(x|y,t) are simply 

given by the second moments of the distribution r(r^) multiplied by 

the number o f  jumps. A ll that remains is  to relate the probability 

distribution to the d iffu sion .

Letting the probability o f finding a p artic le , orig inally  at x 

at time t -  0 , a fter time At at position y be w(x|y,t + At) then 

by the Smoluckowski equation

$(t) = + l
1 M j

s in (2 | JjJ t/h)S\ (2.13)

(2.14)

(2.15)

Consider the integral

(2.16)
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where R(y) is  any function obeying the relation

R(y) -*• 0 y -*■ ± «>

Rewriting equation (2.16) in the form

| dy R(y) ~ (x | y , t) -  Jdy R(y) fw(x|y,t+At) -  w (x|y,t)j (2.17)

and substituting for w(x|y, t+At) from equation (2.15) gives

At>0 * J dy i  dz w<*l*.O w(*|y.At) “  / dy R(y)w(x|y,t)> (2.18)

Rearranging the order of the f ir s t  double integration term in equation 

(2.18) in the form

Jdz w(x|z,t) J dy R(y) w(z|y,At) (2.19)

expanding the arbitrary function R(y) as a power series about z :

R(y) ■ R(z) + (y -z )R '(z ) + -| (y -z)2 R"(z) + 0(3) 

and ignoring terms 0(3) , equation (2.19) becomes 

Jdz w (x|z,t){R (z) /  dy w(z|y,At) + R '(z ) /  dy(y-z) w(z|y,At)

+ j  R"(z) J dy(y-z)2 w(z|y,At)> (2.20)

Since the probability o f finding the particle  somewhere within the system 

is I»

Jdy w(z|y,At) -  1 (2.21)

and assuming that there is  an even probability o f the particle  moving 

backwards or forwards, i . e .  w(z|y,At) is  an even function, then

Jd y (y -z) w(z|y,At) -  0 (2.22)

thus equation (2.20) reduces to 

Jdz (w(x|z,t) [ R(z) + R"(z)  dy (y -z)2 w(z|y,At)] (2.23)
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Substitution o f equation (2.23) into equation (2.18) leads to

/d y  R(y) w(x|y,t) "  At+O i dzw (x| z,t) R(z)

+ y  /  dz w(x|z,t) R" (z) /  dy(y -z)2w(z|y,At)

At-*0

/  dy R(y) w(x|y, t) (2.2A)

The f ir s t  and last terras of equation (2.24) are identical apart from the 

dummy variable o f integration and therefore cancel leaving

The second integration, over variable y, in equation (2.25) is ju st  the 

second moment o f the distribution function w and since the basic 

probability distribution , t , is  independent o f the in it ia l  position of 

the particle  this w ill  be reflected  in the distribution function w . 

Then the quadratic moment, B , o f the distribution w ill be independent 

of z and equation (2.25) reduces to

Partial integration o f the second integral, together with a change of the 

dummy variable from z to y gives :

dy R(y) |^w (x|y,t) -  f  dz R" (z) w(x|y,t)

AtÌo  /  (y“ z)2 w<z l y » At>dy (2.25)

(2.26)

(2.27)

which must hold fo r  a ll functions R(y) therefore

(2.28)
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This is  a special form of the more general Fokker-Plank equation.

Comparison o f equation (2.28) with the normal diffusion  equation (39) 

shows that the diffusion D is  simply therefore

D ■ Second moment o f the distribution function

Thus

D0g "  f  l  « -2 3 )
i

where x ^  is the component of the vector r. in the direction a, 

and N is  the number o f jumps. can be related to the mobility tensor

through the Einstein equation

u„a -  '  D«s (2.30)
“ e

The nunber o f jumps per second is  given by

N "  l  (2.31)

M obilities calculated on this model (44) give fa ir  agreement with the 

experimentally observed values both in the anisotropy and magnitude o f the 

m obilities, however, the model has been c r it ic ize d  (51) in that in no way 

are the e ffects  o f phonon interactions taken into account. This problem 

was noted by Glaeser and Berry (44) who stated that to consider such a 

probability distribution would require a detailed analysis o f the 

acoustical phonon spectrum as well as an estimate o f  how the various 

transfer integral were affected, an accurate treatment o f which at the 

moment is  out o f  the question. The second term, that o f  variation o f  

transfer integrals with displacement from equilibrium, could be incorporated 

into the Glaeser-Berry scheme in a semi-quantitative sort o f way by 

including in the expression for the transfer integral J. ¿j

a term o f the type (51)

(equation (2*6)),
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1 k0T v (“ l ) n(q x r ..)2n+1L _ _ _  L max 11
its p r _  Un+1) (2n+l) J (2.32)

The symbols used in equation (2.32) have been defined previously (see 

equation (2 .5 )) .  The e ffe c t  o f inclusion o f such a term would be to 

increase the transfer integrals by between 35 and 69% (51) depending upon 

the value used fo r  the velocity  o f sound, s . The m obility o f excess 

electrons and holes in anthracene have been calculated on the Glaeser-Berry 

model using the transfer integral o f Glaeser and Berry (44) and incorporates 

the term representing the fluctuation of the transfer integrals, the results 

are given in table (2 . 1) together with the mobility as calculated by 

Glaeser and Berry. As can be seen from the table the calculated values o f  

the m obility are in good agreement with those experimentally determined, 

however, the predicted anisotropy o f the m obility, with the exception o f the 

electron m obility along the jc '-a x is , is not as good as that o f the 

Gosar-Choi model. In addition neglect o f phonon interactions s t i l l  

predict values o f the m obility within a factor o f 2. As has been 

previously stated the ve loc ity  o f  sound in organic solids is ,  generally 

speaking, unknown, therefore the results quoted in this thesis are for 

the case where phonon assisted transfer is neglected.

2 .3  The_gngrgy_band__mqdel o f  conduction ln^ojrganijc^jTin^j^rnTjij^j^” ^“ ^"

2«3 (i) Origins of energy bands in solids

On the basis o f the energy band model the quantum states o f  an organic 

molecular crystal can be traced back to their origin in the isolated 

molecules o f which the so lid  is composed. I f  one imagines that the N 

molecules of the crystal, N being a large number, are arranged in their 

l at t i ce positions but at many times their normal separations such that the 

interactions between the molecules are neg lig ib le , then the quantum state 

distribution for such a system would be essentially  that o f  an N-fold 

degenerate molecular sta te . As the molecules are brought to their
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equilibrium positions each energy level associated with a particular 

quantum state w ill be modified since the molecular wave functions 

overlap and the quantum states w ill no longer be restricted to single 

molecules but instead w il l  extend over the whole crystal« Thus each 

molecular energy level leads to a band o f energy levels in the crystal.

In the process o f sp littin g  the number o f quantum states in the atom or 

molecule remains invariant: i . e .  the number o f quantum states in the 

energy band w ill be the same as the number of quantum states from which 

i t  is produced. Furthermore the width o f the energy band arising from a 

particular molecular energy level w ill be independent of the number of 

molecules in the crystal but w ill  be dependent upon the magnitude o f the 

interactions between molecules in the near v ic in ity  of one another,

2 o3 (ii) Construction o f the crystal wave function -  The Bloch Theorem

The period icity  o f a crystal can be described by specifying a set of 

vectors R£ such that i f  f ( r )  is  any function which is periodic with 

the la tt ice  then the function f (r )  is  unchanged upon displacement by 

any vector R.

f C r + j ^ )  “  f ( r )  (2.33)

Jhe vectors can be expressed in term$ o f three primitive

translation vectors and ¿3

i . e .  R£ -  n£i + ni2 ^2 + ni 3 - 3  (2*34)

where n . . are integers.
^ J

Such periodic behaviour can be described in terms of a set o f 

translation operators where { e jj^ }  has the property that i f

f ( r )  is any function o f position

i e l R ^ f U )  -  f C r + J L )  (2.35)

The translation operators form an Abelian group of unit

element, _e o
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I f  the potential energy o f an electron at position r is 

denoted V(r) then since the potential energy must be periodic with 

the la ttice

V(r) -  v ( l  + (2.36)

As a result the translation operators commute with the Hamiltonian for 

an electron in a periodic potential and thus i f  the Hamiltonian o f  the 

system is  denoted H

i.{e|R.}, H] -  0 ' (2.37)

Consequently the wave function o f an electron in a period ic potential may 

be chosen to be simultaneously an eigenfunction o f  the energy and a l l  the 

translations. I f  # (r) is  such an eigenfunction then

ie |iL} 4>(r) -  Hr + -  X. $(r) (2.38)

and

li ( E + ! i > l 2 "  I Ai  12 (2.39)

But the wave function o f  the electron must have the period icity  o f  the 

la tt ice

h C r + R ^ I 2 -  | i(r)|2 (2.40)

and A. must be a complex number o f modulus unity i . e .  A. -  exp(i e^).

I f  the two translation operators {e|R.}, {e|Rj> act in 

succession then the subsequent translation is  equivalent to that 

produced by the single translation operator {e]R^ + R^}

{e|R.} (e|R .}*(r) -  * (r  + R. + R ) -  A. A. 4>(r)
* J ** J  ̂ J mm

and (eljU + Ĉjc)
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Therefore the product o f the eigenvalues corresponding to the different 

translations must be equal to the eigenvalue o f the combined translation. 

This condition is  sa tis fied  i f

0. ■ k o R.x — —1

where k is  an arbitrary vector that is the same for each operation

i _k ._R.
«’ (r + R.) -  e ”  1 4>(r) (2,41)

This result is  known as the Bloch theorem (80) and the vector k is 

referred to as the wave vector.

2 « 3 ( i i i )  Derivation o f the energy expression

The energy o f  a crystal, E(k) , with Hamiltonian, H , and wave 

function 0(k) can be expressed:

E(k) <n(k) 1 h [ n (k) >
<fi(k) |fi(k)> (2.42)

Expanding the crystal wave function 0(k) as a Bloch function o f the 

molecular wave functions, 4* » gives:

exp (i(r  -  r ) )  <4 |H|« >
E(k) -  1 1 - ----------- ; ------------------ £------- hl

m a l ) <$> |$> > exp (i(rL L. a 1 m 1 -1m a —m i »
(2.43)

which can be expressed as

E(k)
l  e x p ( i . k . ( r  - r  ) )<*  |ll| $ >}

a * * m̂ a____________m & m

I {<$al$a> + l  !*„>•}mĵ a n - a "  a' m

(2.44)

Setting a ■ 0 and suppressing the surination over a the above 

equation reduces to

E(k)
<$olHl$0> + I exp(i ,k .r  ) <401IIJ 4 >

__________ m̂ O m m

1 + J exp(i k„r )<Yn|vi' >
min -----‘n mmj=o

(2.45)
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I t  is generally assumed (38-43) that the overlap integral <f0U >
u m

is  zero. Furthermore, i t  is  assumed that the Hamiltonian, H , can 

be partitioned into terms representing a ll the potential energy terms 

involving the excess electron, Hj , and the remaining terms representing 

the Hamiltonian in the absence o f the excess electron, Hq . Thus

H "  H0 + H1 (2.46)

The wave function, ^  , for a crystal containing an excess electron 

sited  on molecule £ is  o f the form:

" A V 2a) .J ’f'^C Za) (2.47)
jtZ

where is  the n-th molecular orbita l occupied by the excess electron

on molecule A . *t (2a) is  the molecular wave function o f molecule £ , 

*j (l) ia the wave A c t i o n  o f the molecule at j  in the presence o f  the 

excess charge on molecule A , and A is  the normalized antisymmetrizer 

permuting electrons between the molecules. I f  the perturbations due to 

the excess electron are small ( i . e .  i f  the e ffe cts  o f polarization are 

neg lig ib le ) the above expression reduces to (2 .48 ). Note that this 

assumption is consistent with the zero overlap approximation

VZ "  A 'l>l (2&) H iK(2a) (2.48)
j^A 3

Making use o f the approximation that the functions ¥ are eigenfunctions 

o f  H0 , and invoking the zero overlap approximation, the k dependent 

part of E(k) can be expressed as (41):

E'<i> "  <*o|H1| ♦„“ > (2.49)

where Hj -  Vcryst(r) “  V0(r)
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and V and Vg are the crystal potential and the neutralc rys t
molecule potential respectively. I t  is generally assumed (38 -  43) 

that the crystal potential can be approximated by a linear 

combination o f neutral molecule potentials s

V . (r) -  l  V (r  -  r )crys t — ~ n — n (2.50)

with V (r  -  r ) o f the form (41) n — n

V (r  -  r ) ■ V + ^n — n core n nI -  K,1) (2.51)

The summation over i  runs over the occupied molecular

orbitals d> X(y) o f molecule n where y stands for the space n
coordinates xM, ŷ 1, zV of the occupying i  electron . J * andn
K * are the coulomb and exchange operators o f the i-th  molecular n
orb ita l o f the n-th molecule defined by :

J 1 <^, n Tn* (1) -  <*nl (2) 1 ^ 1
r 12 C < 2» ♦n',(D

K 1 $  , n n (1) -  V < 2 ) l # - l
r12 ♦i (1)

(2.52)

and V is  the potential energy operator o f the core electronscore
and the atomic n u cle ii. In the approximation that the core states 

can be considered localized at the nucleus on which they are centred, 

i . e .  exchange interactions of the type defined in equation (2.52) are 

neglected, then vcore can be expressed as

Vc o r e - - j ,  V Ra "  l  < e f ) (2>|r12->|1S > >  (2.53)
A"1 1

core states
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R, is the distance o f  the electron from the A-th nucleus of A / • \
nuclear charge , 0  ̂ is the atomic wave function o f the

i-th  core state and r ^  is  the distance between electrons 1 and 

2. In practise the atomic core states are constructed from the 

wave functions o f the Is. 2s, 2p_ and 2p atomic states for  f ir s t
<7 IT

row elements.

Substituting equation (2.53) and equation (2.52) into 

equation (2.51) and the resulting expression for  V (r  -  rfl) into 

equation (2.49) i t  can be shown that the energy wave vector 

relationship is

M
E’ (k) -  y exp(ik0rm) {«f>oCl)|-  J { ZA/RA

mj*0 A-l

-  I  <e|i ) (2)|r12- 1|e l̂ ) (2)>}j<|,mn(i)> 
i  core 
store

+ 2«f»0n(l)| l <V X<2) I r12_ 1 ! V X(2 )>I <̂0n (2)
i-1

+ «fon (D| l  <V 1 (2 )lr l2” 1l<t,mn(2)> l*01(2 )> > (2.54)
i-0

Expanding the molecular orb ita ls, $ , in terms o f a basis set of 

atomic orb ita ls, u , E*(k) becomes !

E '(k) I expdk.r ) | can c “  [<u |- J
mfO a ,8 A -l

y <e«>L Ai .core
store

a m
l I c

i —1 «»Y

A |- « 1l ' i 1>* I V

• •
+ 7 y c . 1 c 1 {2<u I <u.! r. 11 u >|u„>.*• 5 y a1 6' 12 1 y 8

-  <u .l<u6 1 12
- 1 V (2.55)
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Katz et al (40) have carried out band structure calculations in which 

three centre terms were included and the potential was represented by

-  v  -  -  *2 1 V EA ♦ 2 i (2.56)
i-0

The notation here is  the same as that of equation (2 .51 ). Their 

results showed that the exclusion o f just four-centre terms resulted 

in values for the transfer integrals which were about 30% larger than 

those obtained by the exclusion o f three- and four- centre terms.

However in their potential equation (2.56) they omitted the electron 

exchange terms, , which tend to increase the two-centre

contribution to the transfer integrals by a factor o f three but at 

the same time add l i t t l e  to the three-centre contribution. This 

then reduces the relative contribution of the three-centre terms in
' f

a potential o f the form of equation (2.51) to approximately 10%.

Since the three centre terms are extremely tedious to calculate 

and require large amounts o f computer time, the two centre approximation 

(38, 39, 41, 42, 43, 45) is  used throughout this thesis and multicentre 

terms are negative. Thus equation (2,55) reduces to

N

E’ (-  ■ L  e ip a - ,r®) ‘  ^ c«n csn <uJ '  W vmj*0 ct, p

* ‘ V ,  J . <6a<±J <2> I r 12_ 1 i «>>1 “e>
( i )

1 occ 
core states

a i i+ 2 I c 1 c 1 <u <u r10 1 u > u 3a a a 1 a 1 12 1 a 1 8l - l

a
l

i - l
<u I<u I a 1 a1 12

-11 u > a 1V (2.57)
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Now 2 7 (c )• 1 a1*1

® ■ i
■ pa , the it- electron density at centre a- ,

therefore equation (2»57) becomes :

i  core 
states

2
(2*58)

A sim ilar derivation can be used to determine the energy band structure 

o f a crystal containing excess holes» I t  should be noted that in the 

above derivation i t  is  inherently assumed that the concentration o f 

excess electrons or holes is small so that carrier-carrier 

interactions are negligible» This has been found to be the case so 

far where the average carrier concentration at room temperature is  in 

the region lio l2  cm"3»

In the derivation of the energy band structure up to this point 

no mention has been made as to the e ffects  o f  interactions o f the 

excess electron or hole with molecular vibrations« Such interactions 

can be c la ss ified  into two categories; (a) the interaction o f the 

excess charge carrier with low frequency intermolecular modes and 

(b) the interaction o f the excess carriers with high frequency 

(h u>o - 0«2 eV) internal vibrations o f the constituent molecules» 

Interactions of type (a) serve to scatter the carrier within the 

energy band and are discussed in a later section , whereas the 

interactions o f type (b) give rise to a series o f vibronic sub-bands, 

separated from the ground state vibronic sub-band by h u>g and 

modified by a vibrational overlap factor» Electronic motion in these 

vibronic sub-bands corresponds to the simultaneous presence o f an
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electron in the conduction band together with one or more vibrational 

quanta» The existence of these vibrational bands has been detected 

experimentally (46)» Because of the small interaction o f the 

delocalized carrier as a large, non-polar, aromatic molecule and also 

of the largeness of the optical quantum the coupling o f the excess 

carriers with the intermolecular vibrations is  weak» Thus the 

molecular wave function 4̂  can be represented as :

interaction (41). is the ground state vibrational wave function

o f the j-th  molecule, and i t  is  assumed that a ll vibrational wave 

functions are the same except for that of the molecule with an excess 

electron or hole. The e ffe c t  o f using a wave function o f this type 

is to premultiply the transfer integral o f equation (2.58) by a 

constant factor |<X11Xo>12 * where xi is  the vibrational wave 

function o f the positive or negative ion and xo that of the free 

molecule.

In summary, the approximations used in the tight binding 

approximation are :

(1) The perturbation o f near neighbours due to the presence of 

the excess electron or hole are small in which case the wave 

functions o f the molecule, l , obeys the relation

Hg being the Hamiltonian o f the free molecule.

(2) The overlap o f molecular wave functions is small and can be 

neglected i . e .

-  A ^ n ( l )  4>t (2a) x* ^  (f .(2 a ) Xj) (2.59)

This representation corresponds to the weak coupling lim it o f vibronic

H« "  E **

dr
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(3) The crystal potential can be constructed as a linear 

confcination o f neutral molecule potentials

(A) Multicentre terms are relatively  small and can be neglected» 

For crystals obeying the above assumptions the energy band 

structure can be written

N
¡'(k ) -  I l<Xi|xo> |2 exp(ik»rm) { I c n c n

WO o f $

<u |- a 1 V * , l v  * , ? . . .  <“ a l<9aa > (2>|r12" 1|8a(1 ) (2)>l»„>i core 
states

(2.60)

I t  should be noted that the transfer integrals w ill be the same 

for both the localized and energy band approximations, the various 

terms in the band expression being the off-diagonal elements o f the 

Hamiltonian in the localized representation (44). The mathematical 

methods used to evaluate the various integrals in equation (2.60) are 

discussed in appendix (1 ).

2 .3 (iv ) Conditions imposed by the energy band model.

The approximations used in energy band theory have been 

described by Slater (81) as

( i )  the use o f a one electron potential

( i i )  the neglect o f multiplet structure on individual atoms

( i i i )  the treatment o f e lectron -la ttice  interaction as a small 

perturbation.

For high m obility semiconductors only approximation ( i )  is  

not s tr ic t ly  applicable, but even here the band description is 

formally valid  although the values o f parameters used are not
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calculable from a one electron potential « However, as pointed out 

by Io ffe  (82, 83), many semiconductors with m obilities less than 

100 cm2 v .s e c -1 have a nominal free path which is less than the 

wave length o f thermal electrons, in contradiction of assumption 

( i i i ) ,  since in this case one has strong electron la ttice  

coupling» D ifficu ltie s  arising in the use o f energy band theory 

in describing low m obility semiconductors have been discussed by 

Io ffe  (82) and more recently by Frohlich and Sewell (84)» The 

la tter  authors derived the inequality

Bt > h/4ïï (2.61)

as the lim itation on the va lid ity  o f the band model where B is  

half the band width and t is the relaxation time of the carrier. 

Requirements for  the va lid ity  o f the band model can also be expressed 

in terms o f  the mobility as follow s.

The current density in the direction i  is  given by

-e 2 F f _3E(k) _3E(k) 2£<k> ^
Ji  " h2 J 3k. 3k. 3E ©  - (2.62)

where f(k ) is the Maxwell distribution function and F is  the 

applied f ie ld . An alternative method o f writing the above is

j  . -  ■£-=£ n « ( v .  (k) v. (k) i (k )>> (2.63)

where n is  the concentration of electrons, the double angular 

brackets indicating the appropriate averaging over the band. The 

m obility y w ill, therefore, be given by

-  ~ = r « v .  (k) v. (k) x(k)>> k0T l  — i — —y (2.64)
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We now make the assumption that the relaxation time i(k ) can be

treated as being independent o f k , l . e .  r(k) = tq , and that

the resulting s ta tis tica l average « v .  (k) v^O c)» can be replaced

by v 2 which is of the same order i f  2J < kT .3 max

V e to 
kof™

v 2 max (2.65)

The order o f vmax has been given, for  la tt ice  constant a , as

v a 2Ba/h max ( 2 . 66)

4e x0 

h2 kT
B2 a2 (2.67)

Now 2Btq > h

V > H B a2
0

for a “ 5 A ,

y > kT

V > 232B at

( 2 . 68)

(2.69)

Application o f scattering theory leads to the relation between 

m obility and temperature dependence o f  the form

V a T“ 3/ 2 (2.70)

Equation C2.70) does not hold when the maximum velocity , v■'* max *
of an electron on a band is less than s , the v e loc ity  o f sound, 

since use o f band theory demands that both energy and wave vector 

are conserved and i f  v x < s then the emission or absorption 

o f acoustic phonons cannot take place with conservation o f both 

energy and wave vector. The above criterion  places a lim itation
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on the bandwidth as follow s.

The ve locity  o f a charge carrier in a state o f given k is

V( i > - (2.72)

Using the approximation introduced by Glarum (57) the component o f the 

ve loc ity  along the x-axis is  given by

v* -  i  <b2 -  e2>!

where a is  again the la ttice  spacing and

-  B < E < B

As before the order of v is  given bymax J

2 B a v * — -—max h

(2.72)

(2.73)

(2.74)

which, in terms of the ve locity  o f sound is  given by

vmax
2 B s
k e (2.75)

where 0 is  the Debye temperature for  the la tt ic e . Since vmax
cannot be less than s i t  follows that, for band theory to be valid

2 B > k 6 (2.76)

Glarum (31) gives a similar condition for  the va lid ity  o f the band 

model

B > h ioq (2.77)

where a ll the la ttice  vibrations are assumed to have the sane

frequency,
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Finally i t  should be noted that conduction occurring via a 

wavelike motion is strongly dependent upon the translational symmetry 

o f the crystal, therefore any reduction in this symmetry, as in the 

case o f the so lid  melting, w ill considerably reduce the mobility of 

the carriers whereas carrier transport due to a hopping motion does 

not rely on translational symmetry and should thus be about equally 

e ffe ctiv e  for liquids and so lid s0
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CHAPTER (3)

On the use o f single Slater wave functions in band structure 

calculations with special reference to naphthalene.

3.1 Introduction.

3.2 Construction o f symmetry adapted wave functions.

3.3 Method o f calculation.

3.4 Numerical calculations.

3.5 Numerical results and band structure.

3.6 The m obility tensor.

( i )  Variation o f the calculated mobility ratios

with screening parameter and vibrational overlap fa ctor,

( i i )  Optimum value o f the screening parameter, £ .

( i i i )  E ffects o f small rotations of the molecules on the

calculated m obilities.

(iv ) The va lid ity  o f  the energy band model.

3.7 Discussion and conclusion.



-  39 -

3.1 Introduction

The tight binding approximation, as f ir s t  used by LeBlanc (38) in

the calculation o f the energy band structure o f crystalline anthracene,

forms one o f the most sign ificant theoretical advances towards the

understanding o f  electron ic processes in organic molecular crystals.

Using a single Slater function, with screening parameter C ■ 30,7 nm"1,

to represent the carbon 2p atomic wave function Le Blanc showed thatz
the essential featuresof the anisotropy o f the mobility tensor could be 

understood in terms o f  an energy band model. In his work Le Blanc 

assumed that a molecular crystal with two molecules per unit ce ll 

could be related to a hypothetical crystal with one molecule per unit 

c e l l .  However, this has since been shown to be incorrect (40) as 

symmetry considerations demand there be two energy bands for both the 

electrons and holes each corresponding to the two molecules per unit 

c e l l .

Naphthalene has been considered under the same approximations as 

above by Thaxton, Jamagin and S ilver (39), while further developments 

have been made by Katz et al (40) who replaced the single Slater 

functions by SCF atomic orbitals o f Clementi and Rootaan (89) and 

obtained energy band widths increased by a factor o f  5. Inclusion o f  

an exchange potential (44,41), o f the type defined by equation C2.52), 

page (28), in the neutral molecule potential further increases the 

calculated band widths to 0 .1 , 0.2 eV fo r  electrons and holes 

respectively. Using the calculated elements o f the mobility tensor 

and the experimental data o f Silver et al (39) i t  can be shown that 

the uncertainty in the energy o f the scattered carriers is  o f the 

order of the band width and the mean free paths o f excess carriers
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is  less than the la ttice  spacing, thus casting some doubt on the 

va lid ity  of the energy band model (84) as a method o f describing the 

transport o f  excess carriers in naphthalene -  antracene type crystals.

In the calculations sited above the molecules are assumed to be 

non-vibrating and fixed at their la tt ice  positions. Silbey et al (41) 

have shown that inclusion of the e ffe cts  of molecular vibrations 

serves to reduce the electron ic matrix elements by a factor 

| <Xl l xo> l 2 > where xo and Xi are the vibrational wave functions o f 

the neutral molecule and positive or negative ion respectively. For 

the symmetric ground, f i r s t  and second excited state vibrational 

modes the vibrational overlap factors have the values (74) 0.605,

0.305 and 0.08 respectively. In addition, as discussed in chapter (2 ), 

page (14), polarization e ffects  serve to reduce the transfer integrals 

by up to a factor o f 2. Therefore inclusion o f  the above e ffects  

reduce the band widths by between and ~  depending upon the 

vibrational state o f the molecular ion . Silbey et al (4 1 (a )), in 

their original paper, estimated the mean free path o f excess carriers 

in crystalline anthracene to be o f the order lnm for  vibrational 

overlap factor 0 .5 , thus removing the apparent violation  o f  the 

uncertainty princip le. However, the above calculations were found 

to be in error and in the erratum (41(b)) the e ffects  o f molecular 

vibrations were not included.

The question o f proper representation o f wave functions at 

large distances is  not a new one in fa ct as long ago as 1931 Slater 

and Kirkwood (85) showed, in the calculation o f the p o larizab ility  

of the helium atom, that considerable improvement in the quantities 

dependent upon the ta il of-the wave function could be achieved by 

using Slater functions with reduced screening parameters. More 

recently McClelland (86) has shown that the e lectron ic excitation 

levels in benzene can be calculated using single Slater functions
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with X m 22i 7 nm1 to represent the carbon 2p atomic wave functions«z
This leads us to believe that, with suitable adjustment o f the 

screening parameter, results comparable to those calculated with SCF 

wave functions can be obtained using a single Slater function with a 

considerable saving in labour«

I t  is  the purpose o f this chapter to investigate the e ffects  of 

molecular vibrations on the calculated values of the m obility ratios 

while, at the same time, attempting to assess the use o f single Slater, 

functions in energy band structure calculations«

3.2 Construction o f symmetry adapted wave functions

Naphthalene crystallizes in the monoclinic system with space 

group C|h and has two molecules per unit c e l l .  The factor group 

o f  the space group contains the following operations t

( i )  inversion at any s ite

( i i )  re flection  in the ac plane followed by an _a/2 glide in the 

ac plane

( i i i )  a two fold  rotation about the b axis followed by a J>/2 

glide along this axis.

The factor group, including the identity  operation, is ,  therefore, 

isomorphous with the point group C2k • Group theory demands that 

the c e l l  wave functions belonging to the k ■ 0 representation 

must transform like the irreducible representations o f the factor 

group and, since a ll the irreducible representations o f are

one dimensional, symmetry adapted wave functions fo r  Jk -  0 can 

be constructed by u tiliz in g  the projection operator

pl “ “  í  x V )R  C3.1)
R

where R is  a symmetry operation in C2h, x1(R) the character
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o f R for the i-th  irreducible representation, and n is the order 

o f the group «

The transformations o f the one s ite  wave functions under the 

group operations are !

a a c V O ) ■ v ° )

i V O ) -  “ V o )

•l V ° ) -  “ V ° )

c bL2 V O ) -  - * 2CO)

The symmetry adapted functions can be obtained by means o f the 

projection operator equation (3,1) in the form

»

$ .(0 ) -  P1'i'2 (0)

where i  represents any o f the irreducible representations o f the 

C2h point group. The representations Ag and Bg give only 

vanishing results owing to the odd parity o f the molecular wave 

functions, and for  the representations Au and Bu

* <k) .  i -  <¥ (0) -  V O ) )
Jl 1 2

and
_1

M k) “  ¿2 (V 0) + V 0)) •

When k * 0 the unit c e ll  wave functions are given by

_1
V k) "  ¿2 ( V k) 4 V k))

but the symmetries o f $+ (k) or 4>_(k) depend on the group o f the 

wave vector _k , I f  the vector connecting the centres o f molecules 1 

and 2 is  jr i t  can be shown that as a consequence o f the translational
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symmetry o f the crystal

M'1(k) -  ^ ( 0 )

and ^ (k )  -  e1- - ^ « ) )  »

The general symmetry adapted wave functions are therefore

$+(k) -  I  (¥ (0) ± e1- -  ¥,<0)) (3»2)
V2

Thus, when the molecules come together to form the so lid , each 

molecular energy level w ill  s p lit  into two components due to the 

symmetric and antisymmetric combinations o f the one s ite  wave 

functions in the c e ll giving rise to two energy states for the 

excess electron and two for the holeo

The crystal wave function is  constructed, in the Bloch 

representation, as a linear combination o f unit c e ll  wave functions» 

I f  the vector locating the origin o f the i-th  unit c e ll  is  r. then—l

B±(k) -  l e.xp(ikojr.) 4>i ± (k) (3»3)

where-the summation i  runs over a ll ce lls  in the crystal» 

Substitution fo r  $+(k) and replacing the summation over a ll unit 

c e lls  by a summation over a ll molecules in the crystal equation (3.3) 

becomes

n±(k) (3o4)

where L -  0 i f  contains n _b

(n + o

The single s ite  functions ^

and L -  1 i f  r. contains 
“ J

are taken to be an antisymmetrized
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product o f molecular wave functions in which one molecule is 

represented as either a positive or negative ion , The e ffe c t  o f 

molecular vibrations are included by taking the molecular wave 

functions as being the product o f  an electron ic part and a 

vibrational part» This representation corresponds to the weak- 

coupling lim it o f vibronic interaction,, Symbolically, the wave 

function corresponding to the electron or hole on molecule is

-  A ♦ * (2a) H <M2a)x . (3 ,5)
jjiJl J 3

where ^  is  the lowest unoccupied molecular orbita l in the case o f

an excess electron , highest occupied for an excess hole, x* is the
J

ground state vibrational wave function o f the j-th  molecule, A is  the 

antisymmetrizing operator permuting electrons between the molecule and 

is  o f the form (74)

A -  {(2 a )2N/(4Na)S)i £ f l ) PP (3,6)
P

where N is  the number o f unit ce lls  in the crystal,

3,3 Method o f calculation

As has been shown in chapter (2) (equation (2 ,54), page (29)) 

the energy dependence upon the wave vector when the e ffects  o f 

intermolecular overlap have been neglected may be written as

E!(k) -  l  (±1)L cos(k ,r  ) E
l

where is given by

N
Et '  { l  c,  csn <uJ - V R„ l vCtf p

x core 
s tates

*s~ <u |<u |r,„ Hu >|u0> } 2 o' o ' 12 1 a 1 S

(3 ,7)

+
(3,8)
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the synfcols have been defined in chapter (2 ), page (29), and L ■ 1

i f  contains (n + or L -  0 i f  j: contains n l> ,

The amount o f labour involved in the numerical calculation

o f the electron ic part o f the transfer integrals, , can be 
considerably reduced i f  the core electrons are considered as point

charges at the nucleus on which they are centred. I f  the number of

electrons contributed to the pi-system by the centre a is n^ then

equation (3 ,8) becomes i

Et ■ l  ‘ “ a l - V S J Vo, 3

+ Pa <u I <u I T~\ I u > I u0 > —  a 1 a 1 12' a 1 S (3,9)

In forthcoming sections this approximation is  referred to as the 

p i-electron  approximation.

The matrix elements involving the operator rj^ in equation (38) 

and equation (3,9) give rise to the so-ca lled  hybrid integral.

Evaluation o f  such integrals (discussed in appendix ( l ) t 

page (2̂ 2.)) is  very involved and considerable sim plification  can be 

obtained i f  i t  is  assumed that the charge distribution o f the second 

electron , lu0l2 » can be considered as concentrated at the nucleus a , 

The problem then reduces to the calculation o f two-centre, one electron 

integrals which, by comparison, are easily  evaluated. In this 

approximation equation (3,9) reduces to

Ea -  |<X1lx 0>l 2 e2 l  cac0<ua(-  “  r t ) £ 2  “  nJ u8(r)>  (3ol0)

The integrals between the molecule at the origin and the 

molecules at the comers and side centres o f  the unit c e ll  have been 

calculated using equations (3 ,8 ), (3 ,9) and (3 ,10 ). This is  equivalent 

to the calculation o f the integrals between the molecule at position
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numbered (1 ), figure (3«1), and the molecules in position (2) 

through (10)o Neglecting interactions with other molecules the 

energy dependence on k is

E*(k) ■ 2Ej cos(ko£) + 2Eg cos(k«b) +

2E^(cos Oc0(b+c)) + cos (k « (hr-c)))

+ 2Ê  cos(k0<a) + 2Eg cos(k0(c+a))

+ 2E^(cos (k0(_a+b)) + cos(k «(a -b )))

+ 2Eg( cos (k o (a+t>+c)) + cos (k«(a-brfc) ) )

± 2Eg(cos (ko i(a+b,)) + cos(k01Ca—b) ) )

± 2E ̂  ( cos (k«( J(a+b) +c)) + cos(k0(J(a-b)+£>)) « (3 b ll)

The energy bands can be more readily visualized i f  the special cases when 

the wave vector, lc , is  parallel to a reciprocal la ttice  vector 

a“ 1, b-2  or £~3 are considered« The relationships between energy and 

wave vector is then

E+(k| I T 1) “  2 (e2 + E3 + 2E4) + 2(E5 + Eg + 2E? + 2Eg) 

cos (koj|) ± 4 (Eg + E10)co s (k « j/2 )

E±(k| lb "1) -  2(E2 + E5 + E6) + 2(E3 + 2E4 + 2E? + 2Eg)

cos(k«lj ± 4(Eg + E 0̂)cos(Jc«b/2)

E±(k | Ic“ 1) -  2(E3 + E5 + Ey ± 2E9)

+ 2(E2 + 2E4 + Eg + 2Eg ± 2E10)cos(k,jc) « (3 «12)

3«4 Numerical Calculations

The f ir s t  step in numerical calculation o f  the transfer 

integrals is  choice o f a suitable wave function for the positive or 

negative ion 0 Following the example o f Le Blanc and Katz the excess 

electron or hole is  assigned to the lowest unoccupied, highest
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occupied, molecular orb ita l o f the neutral molecule» The molecular

orbitals o f  the neutral molecule are approximated by a linear

confeination o f neutral carbon 2p wave functions u. . Thez r
analytical form o f the electron and hole wave functions are therefore

*<£ ~ "  l  4  ui  (3.13)
i

where c? are the Hueckel coe ffic ien ts , calculated without the inclusion

of overlap, for the lowest unoccupied and highest occupied molecular

orbita l respectively,. The neutral carbon 2p wave functions, u. ,

are taken to be single Slater 2p functions characterized by thez
screening parameter ç »

u.l expC-^r) (3.14)

where n. is  the unit vector defining the direction o f the 2p 

orb ita l. The two centre integrals can be sim plified by expanding in 

the form

- (n . .R . . ) (n . .R . . )
<u. If lus> ■ J ■■■ rv ""1i1 <p If Ip >l 1 op1 j r#>2 r0 l «"I «op'

9 (]li i )  (n# oR«
“  —i ° nj -----------?  a 3 - 1 ,1 > <PJ % I Ptt>

R .. (3.15)

where , n̂  are unit vectors defining the direction o f the orbitals

u. and u. , R .. is the vector connecting atoms i  and i , Fi  j J op

represents either the nuclear attraction or electron repulsion 

operator, p̂  and p̂  are Slater 2pff and 2pQ atomic orbitals 

respectively.

The one-electron integrals were evaluated in closed form by 

expanding the integrals in prolate spheroidal coordinates. The 

resulting integrals can be expressed as a sum o f products o f  functions,
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An(a ), ®n(3 ), (34) which are easily  calculated» The two electron 

integrals are calculated using the Zeta function expansion method o f 

Coulson and Barnett, which has been discussed in appendix ( I ) ,  

page (*»)« For a given basis set o f internu clear distance 

R -  4»5 (0.125)16»0 au. the values of the integral for a particular 

intem uclear distance. are obtained by interpolation using

Aitken's method. I t  is found that by using a large basis set in R 

very high accuracies are obtained for the interpolated integrals and 

that the order o f polynomial used in the interpolation has l i t t le  

e ffe c t  on the accuracy o f the resu lt. Since the one electron integrals 

are re latively  simple to evaluate these are determined for  each 

individual R^j . I t  should be noted that, for  the two-electron 

integrals, once a set o f integrals have been calculated for basis 

set R and screening parameter £ further sets o f  integrals o f 

basis R' and screening parameter £ can be obtained using the relation

I(ct.)  I ' ( a . )
' '■ "'■J— m ... . ■

£ ~

a.
3

£R. -  £'R!
3 3

(3.16)

where the elements o f the new basis set R* is  given by

Rj£
£ ’

where R’ . and R.
J J

and R respectively

are the j-th  elements o f the basis sets R"

(3.17)



-  50 -

N aphthalene show ing th e  num bering o f  th e  atoms 

In  th e  m o le c u le .

x  y  z

A 0.716 0.092 2.816

B 0 .9 3 4 0.960 1 .892

C 0 .3 9 0 0.611 0 .2 9 7

D 0 .6 1 4 1 .483 -O .685

E 0.083 1.121 - 2 .1 9 5

a b c

8.235 6.003 8.658

Table(3.1)

A tom ic c o -o r d in a t e s *  and u n it

b e ta  

122 55

c e l l  c o n s ta n ts *  o f  n a p h th a len e .

*  u n i t s :  1 »-1  nm
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3 »5 Numerical results and band structure

The crystal data fo r  naphthalene was taken from Abrahams et al (90) 

and xs listed  in table (3<>l)o The transfer and overlap integrals, 

calculated between the molecules at position 1, the comer o f the 

unit c e l l ,  and the remaining molecules within the unit c e l l ,  for  various 

values o f the screening parameter, C , are given in tables (3<>2) and 

(3»3) respectivelyo As was expected a decrease in screening parameter,

£ , results in an increase in magnitude o f the transfer integral due 

to the slower rate at which the Slater functions fa ll  o f f  with 

intermolecular distance» In table (3»2) the vibration overlap 

integral is  taken as unity» The plots o f  the excess electron and 

hole band structure, for screening parameter 24»57 nm“ 1, along the 

reciprocal crystal axes are given in figures (3»3) and (3»4)» The 

shapes o f the energy bands for  any other cases are not shown as 

variation o f the screening parameter, in general, alters only the 

band widths, the shape o f the band remaining unaltered» I f  needed 

these can be calculated using the results o f table (3»2) and 

equation (3»12)0 The electron repulsion, nuclear attraction and 

transfer integrals calculated in the p i-electron  and localised  core 

approximations (equation (3»9) and equation (3»10) respectively) are 

given in table (3o4)o It  can be seen that these approximations are 

quite good when the centres o f the interacting molecules are separated 

by large distances, unfortunately, these interactions contribute l i t t le  

to the band structure» There is  an overall error o f about 25% for  the 

p i-e lectron  approximation and over 30% for  the localised  core 

approximation which although large are to be expected since in the 

p i-e lectron  approximation a large proportion o f the neutral potential 

is neglected while the localised  core approximation amounts to a 

complete neglect o f the coulomb part, J* , o f the molecular potential»
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Screening parameter

P osition 20.8 2 2 .7 2 4 .6 26 .5 28 .3 3 0 .7

0 ,0 ,1 13.71 1.68 - 3 .74 - 5 .19 -3 .0 6 - 4 .4 9

0 ,1 ,0 64.32 58.63 45 .07 32.80 23 .52 14.41

0 ,1 ,1 0 .58 0.26 0 .0 9 0 .33 0.02 0.00

c c -0 .1 6 -0.01 0.02 0.11 0.00 0.00

1 ,0 ,1 8 .7 0 5 .9 9 3 .23 1 .42 0.81 0.32

1 ,1 ,0 - o . 4 l -0 .1 8 -O.07 - 0 .2 4 -0.01 0.00

1,1,1 -0 .1 2 0.00 - 0 .03 -0 .1 3 -0.01 0.00

- 276.94 -218.35 -168.35 - 120.34 -65.41 - 45 .48

•£»■£•,1 44 .42 26.08 15.62 7.69 

(a)

Screening parameter

3 .56 5.21

P os ition 20.8 22.7 2 4 .6 26.5 28 .3 3 0 .7

0 ,0 ,1 7 .9 4 1 .39 -0 .6 6 - 0 .23 0.06 1.28

0 ,1 ,0 - 408.59 -302.26 - 210.64 - 142.35 1 VO . o\ - 51 .84

0 ,1 ,1 3 .53 1 .42 0 .53 0 .1 9 0.07 0.00

c C 2.30 1 .02 0 .4 5 0 .1 9 0.08 0.02

1 ,0 ,1 71.66 28.21 14.24 6 .8 7 3.22 1 .20

1 ,1 ,0 2.26 0 .9 9 0 .33 0.12 o .o 4 0.00

1,1 ,1 0.21 0.00 0 .0 5 -0 .0 2 0.01 0.00

,o 257.89 155.69 76 .07 47.03 35 .04 6 .33

■̂ •,1,1 - 217.55 - 142.28 -90 .47 - 58.85 - 34 .55 -20.81

(D)
T able(3 . 2 )

V ariation  o f tra n sfe r  in teg ra ls*  with screening parameter fo r  

excess e le c tro n s (a )  and h o le s (b ) in  c r y s ta ll in e  naphthalene, 

♦ u n its : ln -4  eV.

/
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Screening parameter

P o s it io n 20.8 2 2 .7 2 4 .6 2 6 .5 28 .3 3 0 .7

0,0 ,1 -6 .0 8 -2 .2 -0 .3 0 0 .45 0.63 0.54
0 ,1 ,0 - 6 .42 - 7.01 - 6 .3 4 - 5 .1 7 - 3 .92 -2 .5 8

0 ,1 ,1 -0 .2 0 -O.O9 - o . o 4 -0.01 0.00 : 0 .00

1 ,0 ,0 0.10 C\J0•0 0 .00 0.00 0.00 0.00

1 ,0 ,1 - 2 .5 9 -1 .5 6 -0 .8 5 - 0 .46 -0 .2 3 -O.O9

1 ,1 ,0 - 0 .1 4 0 .0  6 0.02 0.01 0.00 0.00

1,1 ,1 0.03 0,00 0.01 0.00 0.00 0.00

32 .64 28 .95 23 .55 17.99 13.08 8 .3 3

M , i - 9 .5 9 -6 .0 0 - 3 .56 -2 .0 2 -1 .0 9 - 0 .48

(a)

Screening parameter

P o s it io n 20 .8 2 2 .7 2 4 .6 26.5 28.3 3 0 .7

0 ,0 ,1 - 3 .1 3 -1 .14 - 0 .3 3 - o . o 4 o .o 4 0.05

0,1 ,0 59 .18 49 .67 37 .52 26.49 17.83 10.34

0 ,1 ,1 - 1 .29 -1 .42 -0 .2 0 -0 .0 8 0.00 0.00

1 ,0 ,0 - 0 .72 - 1 .53 - 0 .1 5 -0 .0 6 -0 .0 3 0.00

1,0 ,1 - 14.25 - 7 .8 9 - 4 .1 2 - 2 .0 4 -0 .9 8 - 0 .3 7

1 ,1 ,0 - 0 .8 4 -0 .3 4 - 0 .3 3 -0 .0 5 -0 .0 2 0.00

1 ,1 ,1 - 0 .0 5 0.00 -0 .0 2 0.00 0.00 0.00

1 ,1 ,0 - 55 .96 - 35 .63 -21 .32 -12 .06 - 6 .4 4 -2 .6 8

1 ,4" 41 .04 27 .92 18.26 11.59 7 .1 8 3.86

(b)

Table(3.3)

V a r ia t io n  o f  O verlap  in t e g r a ls *  w ith  s c r e e n in g  param eter f o r  

e x c e s s  e le c t r o n s ( a )  and h o le s ( b )  in  c r y s t a l l i n e  n a p h th a len e , 

♦ u n its : 1w-4 .
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Energy hand s tructure  o f  excess e le c tron s  in naphthalene.
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Figure (3 .4)

Energy hand etructure o f excess hole* in crystalline naphthalene.



N u clea r E le c tr o n T ra n s fe r  in t e g r a l E rro r

P o s i t i o n A t t r a c t io n R ep u ls ion I 11 I I I I I I

0 , 0,1 - 0 .6 2 -O .69 - 0 .0 7 -0.31 - 0 .6 6 - -

c C 6 3 .7 6 26 .92 36 .84 31.88 45.07 18.26 29 .27

0 , 1,1 0 .1 8 0 .0 9 0 .10 0 .0 9 0.09 - -

1 , 0 ,0 0 .0 2 0.01 0.01 0.01 0.02 - -

1 , 0,1 5 .4 7 2 .5 4 2 .93 2 .7 3 3 .23 - -

1 , 1 ,0 - 0.1  3 -O .06 -0 .0 7 -0 .0 6 -0 .0 7 - -

1 ,1 ,1 -0 .0 6 - 0 .0 3 -0 .0 3 -0 .0 3 - 0 .0 3 -

* • * ,0 -22 0 .6 6 - 98 .23 -122.38 -110 .33 -1 68. 35 27.31 34 .46

1,4-, 1 2 3 .7 9 1 1 .5 3 12.26 11 .90 1 5.62 21 .51 33 .84

(a )

T a b le (3 .4 )

Com parison o f  m ethods f o r  th e  c a l c u l a t i o n  o f  t r a n s fe r  in t e g r a ls * .  

F ig u re s  r e f e r  t o  e x c e s s  e le c t r o n s  in  c r y s t a l l i n e  n aph th a len e.

I  C a lc u la te d  u s in g  e q n (3.1 *0

I I  C a lc u la te d  u s in g  e q n (3 »1 5 )

I I I  C a lc u la te d  u s in g  e q n (3 «1 3 )

♦ u n it s : 1 » - 4  eV.



N u clea r E le c tr o n T ra n s fe r  I n t e g r a l E rro r

P o s i t i o n A t t r a c t io n R e p u ls io n I I I I I I I I I

0 ,0 ,1 - 0 .  62 -O . 6 9 - 0 .0 7 - 0 . 3 1 - 0 .6 6 - -

0 ,1  ,0 -3 1 8 .4 6 -1 3 8 .3 3  •-1 8o.1  3 -1 5 9 .2 3 -2 1 0 .6 4 1 4 .4 8 2 4 .4o

0 ,1 ,1 0 .9 7 0 .4 6 0.51 0 .4 9 0 .5 3 - -

1 ,0 ,0 0 .8 o 0 .3 8 0 .4 2 0 .4 o 0 .4 5 - -

1 ,0 ,1 2 4 .4 5 1 1 .4 o 1 3 .0 5 1 2 .2 3 1 4 .2 4 8 .3 9 1 4.1 5

1 ,1 ,0 0 . 6 1 0 . 2 8 0 .3 2 0 . 3 0 0 .3 3 - -

1 ,1 ,1 0 .1  0 0 .0 4 0 .0 5 0 .0 5 0 .0 5 - -

h ± , o 1 4 o .7 2 6 6 . 0 6 7 4 .6 6 7 0 .3 6 7 6 .0 7 1 . 8 5 7.51

ü , i - 1  3 8 . 8 7 -6 3 .1 3 -7 5 .7 4 -6 9 .4 3 -9 0 .4 7 1 6 . 2 8 2 3 .2 6

( * )

Tat>le( 3 .4 )

C om parison o f  m ethods f o r  th e  c a l c u la t io n  o f  t r a n s f e r  I n t e g r a ls * .  

F ig u re s  r e f e r  t o  e x c e s s  h o le s  In  c r y s t a l l i n e  n a p h th a len e .

I  C a lc u la te d  u s in g  e q n ( 3 . l 4 )

I I  C a lc u la te d  u s in g  eq n (3 *1 5 )

I I I  C a lc u la te d  u s in g  e q n (3 .1 3 )

♦ u n it s : 1 » - 4  eV.
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The electron and hole band structures are sim ilar to those 

given by Katz et al showing the major sp littin g  in the <c“ 1 direction  with 

much smaller splittings in the ^a"1 andb“ 1 directions» The degeneracy o f 

the two components o f the electron and hole bands at k ■ ir a“ 1 and 

k ■ ir b " 1 arises as a consequence o f the existence o f a two fold  screw 

axis in the direction and a glide plane in the _a direction in the 

Naphthalene crystal» The group of the wave vector k at these points 

has only a two dimensional representation resulting in E+ and E_ 

being degenerate» The degeneracy and subsequent invertion o f  the two ' 

energy bands along the c,“ 1 axis observed by Katz et al has no origins 

in the symmetry o f the crystal and arises simply as a consequence o f 

the magnitudes and signs o f the transfer integrals» Such behaviour 

is  only observed by us for the case where the screening parameter is 

1»4« The energy band widths along the j “ 1, b " 1 and^c” 1 directions 

and sp litt in g  in the _c_1 directions, for an excess electron and hole, 

for  various values o f screening parameter, C , and vibrational 

overlap factor unity, together with the energy band widths calculated 

using the transfer integrals obtained using an SCF wave function and 

including exchange are given in table (3»5)»

3»6 The m obility tensor

3»6(i) Variation o f the calculated mobility ratios with screening 
parameter and vibrational overlap factor

In order to calculate the elements of the m obility tensor i t  is

usually assumed that the scattering o f carriers can be described in

terms o f  a relaxation time function x(k) (9 1 )0 The m obility o f the

carriers along an axis i  is  then related to the velocity  o f the

carriers along the axis through:

11 —  <<v.(k) v .(k ) x ( k ) » (3»18)
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2 0 . 8

S creen in g  param eter 

2 2 .7  2 4 .6  2 6 .5  2 8 . 3 30 .7 SCP

+ 4 .5 0 7 .4 7 5 .9 9 4 .4 7 2 .4 4 1 . 6 0 7.1 5
E(k l a ) .

- 4 .8 o 7 .9 2 6 .2 3 4 .5 4 2 .5 0 1 . 6 2 8 . 1 2

+ 3 .3 6 5 .3 4 4. 31 3 .2 0 1 .5 3 1 .0 3 4 .4 9
E (k ||b )

- 5 .9 4 1 0 .0 4 7.91 5 .8 2 3.41 2 . 1  9 1 0 .7 8

4- 2 .2 4 2.41 1 . 2 3 0 .4 8 0 . 2 0 0 .2 5 1 . 1  3
E(k ||c“ )

1.31 1 . 7 6 1 .2 7 0 .7 5 0 .3 7 0 .5 8 0 .9 4

£ 1 2 .8 5 1 9 .5 5 1 4 .7 2 1 0 .2 4 5 .5 2 4 .o 6 1 3 .2 0
s p l i t t i n g

2 0 . 8

(a )

S creen in g  param eter 

2 2 .7  2 4 .6  2 6 .5  2 8 .3 30 .7 SCF

+ 4 .7 7 1 . 7 8 0 .o 4 0 . 1 8 0 . 1  6 0 .5 3 2 . 6 2
E(k |l a ' )

1 .5 4 0.71 1 .1 9 0 . 7 6 0 . 1  2 0 . 6 3 1 . 6 2

+ 1 4 .2 5 1 1 . 3 6 8 .9 3 6 .1 4 3 .6 3 2 . 6 5 1 6 . 9 6
E( k II b ) . . .

- 1 7 -4 8 1 2 .4 3 7 .7 8 5 .2 o 3 . 6 7 1 . 4 9 1 7 .9 6

+ 1 3 -92 1 0 . 0 8 6 . 6 5 4 .4 3 2 . 6 3 1 .5 7 1 1 .3 2
E f k J l c ')  _ _ .

- 2 0 .9 8 1 2 .6 8 7 .8 3 4 .9 9 2 .9 0 1 .7 6 1 3 .6 4

c 3 8 .0 3 2 3 -8 4 1 3 .2 2 8 .4 7 5 .5 7 2 . 1 7 2 5 .9 6
s p l i t t i n g  , v

T a b le (3 -5 )

V a r ia t io n  o f  th e  c a lc u la t e d  en ergy  bandw idths* 

and b a n d - s p l i t t in g  in  c r y s t a l l i n e  naphthalene 

w ith  s c r e e n in g  p a r a m e t e r ,^ .

* u n i t s :  1 m- 2 eV.
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where v^(k) is the i-th  component of the velocity  vector v(k) , ko 

the Boltzmann constant, e the charge on the electron and the double 

angular brackets indicate an average over the Boltzmann distribution o f 

electrons within the energy band» The functional forms of T(k) are 

generally considered (40) each involving an iso trop ic  scattering 

parameter 2

(1) x(k) * T0 , constant free time

(2) i(k ) |v(k)| ■ X » constant free path

where v(k) is  the velocity associated with the wave function Y(k)

and is given by I

v(k) ■ ïr (3«19)

The components o f the m obility tensor in the mean free time and mean 

free path approximations are given by :

and

"ij ■ k^ «v .< k ),.(» »

u ., -  “ s  « V . (k)v. (k)/|v(k)|>> .1J KqI 1 “  J —

(3s20)

For molecules crysta lliz in g  in the structure P2^/a containing two 

molecules per unit c e ll  the functions in angular brackets are given 

by :

< <V£ (k) Vj (k ) > > ■

, 82E.(k) _ 32E_(k) _
l&Tïk. f+ ^  + *3k73k. f-  * d-

J- J-
h2 /  ( f +B(k) + f_B(k )} dk

and (3o21)
f f  82E+(k)  ̂ B ^  32E_(k) g ^

<<vi (k )V j(k ) /v (k )»  -  J { 3k, 3k," fj- + f-  * dk
J L i _3E~(k)

h / { l*3k+ “  l f +B(^  + J

3k.3k.
i  - j ,3E (k)
3k f  B} dk



61

where £®(k) are the Boltzmann distribution functions of the positive 

and negative branches o f the energy band. I t  should be noted that, 

since the creation of an excess hole requires the movement o f an 

electron from its  position in the valence band to the conduction band, 

the energy o f  excess holes is measured downwards from the top o f  the 

valence band.

The mobility tensor calculated using equation (3ol8) through 

equation (3.21) and the energy equation (3.11) gives the elements o f the 

m obility tensor in a coordinate system whose axes are parallel to the 

unit c e l l  vectors _a, b and _c. To fa c ilita te  comparison with experiment 

the elements o f the mobility tensor are transformed to the orthogonal 

coordinate system o f ji and b̂  unit c e l l  vectors and the vector jc* (a x b) « 

I f  the coordinates o f a point X in the crystallographic coordinate 

system, denoted by the vector x , are transformed to the coordinate 

Y in the orthogonal system, where x and jr are related through

Z "  ü°i£ (3.22)

a being a 3 x 3 matrix,

then the elements of the m obility tensor in the orthogonal coordinate 

system, jj' , are related to those in the crystallographic system,

jl* » by

i  j I Vi
• o • fii  j

a. ,.J J * j 5 (3.23)

To calculate the m obility tensors from equation (3.18) an assumption 

must be made as to the value o f the mean free path and mean free time 

parameters. Accurate calculation o f  these by present methods is out 

o f  the question but one can obtain an order of magnitude value from 

the uncertainty princip le. As discussed in Chapter (2 ), section (3 ), 

page (34) fo r  energy band theory to be physically meaningful the mean-
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free time, t 0  , must be greater than h/band width since the 

uncertainty in the energy, h/tQ , must be less than the band width» 

Similarly the mean free path, X , must be greater than the la ttice  

spacing. Thus the equations for the mobility become

V££ > h e<vi (k )v .(k )> /B .k0T (3,24)

and

Pu  > e Xi<vi ^ vi^ )/| v (k )| > /k0T (3,25)

where B̂  and X. are the band widths and la ttice  distances in 

direction  i  . Alternatively the values o f  tq and X can be 

calculated to give the observedm obility along a particular axis and 

using this value the m obility along the remaining two axes estimated.

The elements o f the mobility tensor, without the constant

prem ultiplicative factors e to and e X , along the b axis together
koT k0T

with the ratios o f the components o f the m obility tensor along the 

orthogonal axes a., _b and _c' for several values o f  the screening 

parameter, ? , are given in table (3 ,6 ), A 1% change in screening 

parameter produces a 40% change in the elements o f the mobility 

tensor, however, with the exception o f P „ ^ » /p , ,  fo r  electrons, the 

m obility rdtios remain approximately constant, decreasing approximately 

1 % per percentage increase in screening parameter, £ ,

The variation of the mobility ratios with vibrational overlap 

factor, | < x i l x o > l 2 » for screening parameter, £ -  22,68tiC1“ 1 is 

shown in table (3,7) and are compared with values calculated using the 

SCF integrals o f Glaeser and Berry (44), I t  can be seen that the 

agreement fo r  the m obility ratios, calculated using the two wave 

functions, is  very good, although the ratio  for  excess holes

shows a largervariation with vibrational overlap fo r  the SCF case as a 

result o f the larger bandwidth in the â direction  (see table (3 ,5 ), 

section  (5 ), page (5 8 )), The remaining m obility ratios show only
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0 . 2 0 8 0 . 2 2 7 0 .2 4 6 0 . 2 6 5 0 . 2 8 3 0 . 3 0 7

<vbvb>* 6 . 5 6 5 4 .2 3 9 4 .3 4 7 1 .3 3 4 0 .4 6 2 0 . 1 6 9

< v b v b /v (k ) > **1 . 153 0 .9 5 7 0 .7 5 9 0 . 5 5 8 0 . 3 3 0 0 . 1 8 5

n aa 1 .7 90 1.721 1 .7 0 4 1 .6 79 1 .459 1 .7 9 4

 ̂ bb (1 .5 2 6 ) (1 .5 0 4 ) ( 1 . 5 0 8 ) (1 .5 1 4 ) (1 .3 9 3 ) (1 . 6 3 2 )

 ̂ c c 0 . 1 8 1 0 . 0 8 6 0 . 0 5 0 0 . 0 2 7 0 . 0 2 0 0 . 0 8 8

* bb (0 .1 7 5 ) ( 0 . 0 9 3 ) ( 0 . 0 5 5 ) ( 0 . 0 2 9 ) (0 .0 2 3 ) ( 0 . 0 8 7 )

 ̂ c c 0 . 1 0 1 0 . 0 5 0 0 . 0 2 9 0 . 0 1 6 0 .0 1 4 0 . 0 4 9

 ̂ aa (0 .1 1 4 ) ( 0 . 0 6 2 ) ( 0 . 0 3 6 ) ( 0 . 0 1 9 ) 

(a )

S creen in g  param eter fioo

( 0 . 0 1 7 ) ( 0 . 0 5 3 )

0 . 2 0 8 0 . 2 2 7 0 .2 4 6 0 . 2 6 5 0 . 2 8 3 0 . 3 0 7

<vbvb>* 3 3 .36 6 18 .176 8 . 6 1 6 3 .9 3 4 1 .645 0 .5 0 3

< v b v b /v (k )> **2 .3 3 6 1 .9 09 1 .406 0 . 9 7 2 0 .6 1 4 0 .3 7 2

 ̂ aa 0 .2 7 4 0 . 1 9 2 0 . 1 0 2 0 . 0 8 7 0 . 1 1 7 0 . 0 1 3

 ̂ bb (0 .3 1 8 ) (0 .2 2 4 ) (0 . 1 2 1  ) (0 .1 0 5 ) (0 .1 3 9 ) (0 .0 1 7 )

M- CC 0 . 6 1 9 0 . 5 0 8 0 .4 5 2 0 .4 2 8 0 .3 59 0 .3 7 9

* bb (0 .5 9 2 ) (0 .4 8 2 ) (0 .4 1 8 ) (0 .3 9 6 ) (0 .3 4 7 ) ( 0 . 3 2 6 )

V CC 2 .2 5 9 2 .6 4 6 4 .4 3 0 4 .8 9 4 3 .0 8 5 2 9 .1 5 0
n aa ( 1 . 8 6 2 ) (2 .1 5 2 ) (3 .^ 4 3 )

(b )

(3 .7 5 7 ) (2 .4 9 6 )  (1 9 .1 7 6 )

T a b le (3 .6 )

Variation o f the mobility ratios, H i i /  t* j j ,  o f excess 
electrons(a) and holes(b) in crystalline naphthalene, 
calculated in the mean free time and mean free path 
(in parentheses) approximations,with screening parameter. 
Vibrational overlap factor 0.1.
* u n i t s :  1 * 6  ma/s e c *

♦ ♦ u n its : 1*3 m / a e c »
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Vibrational
O verlap 0 . 1 0 . 2 0 .5 1 . 0 E xp t.

I 1 .5 83 1 . 6 0 0 1 .6 57 1 . 6 3 2 1 . 0 0

u (1 .4 1 3 ) (1 .4 9 1 ) (1 .7 7 3 ) (2 .3 3 1 )*aa

^bb I I 1.481 1 .49 6 1.541 1 .4 99

( 1 . 3 8 6 ) (1 .4 6 3 ) (1 .7 2 4 ) (2 .1 7 6 )

I 0 . 0 9 0 0 . 0 8 9 0 . 0 8 7 0 . 0 7 8 0 .5 7

( 0 . 0 5 4 ) ( 0 . 0 5 9 ) ( 0 . 0 8 0 ) ( 0 . 1 2 8 )
^cc

I I 0 . 0 8 9 0 . 0 8 8 0 . 0 8 7 0 . 0 7 8
^bb

( 0 . 0 7 0 ) ( 0 . 0 7 9 ) ( 0 . 1 1 0 ) (0 .1 7 6 )

(a )

Vibrational
O v erla p 0.1 0 .2 0 . 5 1 . 0 E xpt.

I 0 .1 0 2 0 .0 9 7 0 . 0 8 5 0 . 0 7 3 0 .6 4

^aa
(0 .1 2 4 ) ( 0 . 1 1 2 ) ( 0 . 0 9 0 ) ( 0 . 0 7 9 )

I I 0 . 1 2 1 0 .1 1 4 0 . 0 9 7 0 . 0 8 3

(0 .1 4 4 ) ( 0 . 1 2 8 ) ( 0 . 1 0 0 ) ( 0 . 0 8 6 )

I 0 .4 5 2 0 .4 2 9 0 .3 7 3 0 .3 1 5 0 .2 9

^cc (0 .3 3 9 ) (O .3 0 6 ) (0 .2 4 0 ) (0 .1 9 4 )

^bb I I 0 .4 1 8 0 .3 9 3 0 .3 3 6 0 .2 8 4

(0 .3 2 4 ) ( 0 . 2 8 8 ) (0 .2 3 4 ) ( 0 . 1 8 8 )

(b)

Table(3.7)

V a r ia t io n  o f  th e  m o b i l i t y  r a t i o s , c a l c u l a t e d  in  th e  mean 

f r e e  tim e  and mean f r e e  p a t h ( in  p a re n th e s e s ) a p p ro x im a tio n s , 

w ith  v ib r a t i o n a l  o v e r la p  f a c t o r .

I  -  c a lc u la t e d  u s in g  s in g le  S la t e r  fu n c t io n  w it h " ?  « 2 2 . 7  nm! 

II -  c a lc u la t e d  u s in g  th e  t r a n s fe r  in t e g r a ls  o f  G la e se r  and 

B e r r y (44)•
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sligh t variation with vibrational overlap, the ratios fo r  excess 

electrons shoving a sligh t increase, the ratios for  excess holes 

showing a sligh t decrease,, Similar results are obtained using 

d ifferent values o f  the screening parameter, z  , Thus i t  can be 

concluded that the anisotropy of the mobility tensor can be 

determined without accurate sp ec ific  knowledge of either the 

screening parameter or the vibration overlap fa ctor . However, 

accurate determination o f the energy band widths necessitates a 

detailed knowledge o f both the aforementioned factors,

3 ,6 ( i i )  Optimum value o f  the screening parameter. £ ,

I t  is  widely accepted (40) that the use o f SCF wave functions 

as a basis fo r  constructing molecular orbitals leads to a more 

accurate description o f the wave function at large distances from the 

or ig in . The problem is ,  therefore, to determine the best value o f z  

to reproduce the SCF wave function at large r , To. this end i t  is  

required to derive a suitable function involving the difference between- 

an SCF and a single Slater function which when minimized, by variation 

o f Z , over the required range o f r  w ill  y ie ld  the appropriate value 

o f 5 o

I f  the SCF and Slater functions are denoted ip(SCF, R) and 

ip(Zt r ) respectively, then minimization o f the function :

to
f 1(?) -  | (KSCF, r) -  *i(c, r ) ) 2 dr (3,26)

o

should y ie ld  the normal (30,7 nm“ *) value o f the screening parameter,

Z , as the largest contributions to f 1(?) w ill come from those 

regions o f r which contribute most to the energy in the normal 

variation method: i 0e , the function ^(?, r) w il l  be most accurate 

for  small r ,
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Minimization o f fj^ s) using a Simplex technique (188) verified  

the above arguments» At the other extreme calculation o f the function 

x
f 2(O  -  J OKSCF, r) -  1J>U, r))/K SCF, r)) 2 dr 

0

shoved the contributions to fjCc) to be approximately constant for 

a ll values o f r „ Hence by incorporating the weighting function 

g (r) -  l/ij)(SCF, r) equal weights can be added to a ll parts o f  the 

curve, i»e» the ta il o f the wave function w ill contribute ju st as much 

to f 2(? ) in the minimization procedure as w ill parts o f the wave 

function for  smaller r o Unfortunately one is  now le f t  with the 

problem o f where to terminate the integration over r 0

The above functions f ^ c )  and fjCO  are really  the two 

extremes o f  the problem one placing equal weights on a ll parts o f the 

curve the other strongly weighting the curve for small values of r »

In the calculation o f transfer integrals a weighting function, sim ilar 

to g (r) , is  required which has maximum weight at those values o f r 

which contribute most to the transfer integral» Such a weighting can 

be applied by minimizing the function

00

f 3U ) -  f  g'irX K SC F, r) -  iKc, r) 2 dr (3»27)
o

where g’ (r) ■ lr12 11<i)̂ (2)><|)g(l)

is  essentia lly  the radial p ro file  o f the hybrid integral,numerical 

values o f which can be obtained by inserting the appropriate "write" 

statements in the program given in appendix (1 ). As the wave functions 

<6. and 4>_ are centred on d ifferent nuclei the function g '( r )  w ill  

be a function of the intermolecular distance, R , and also the 

screening parameters o f  the wave functions, <f>. » S tr ic t ly  speaking 

the function g '( r )  should be evaluated fo r  every value o f C required
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in the minimization o f f^ (?) , however, this is  prohibitive in terms

of computer time, therefore, f^CO was minimized, for  several values

o f the intem uclear distance R between 0*3nra, and0.6nm,, with

g '( r )  calculated assuming a ll the <J>9s to be 2p atomic orbitalsz
characterized by a screening parameter c -  30*7 nm“ 1 , The values 

o f  e obtained in this way were in the region 22*7 to 24*6 nm” 1 t 

o f  a sim ilar order o f  magnitude to those obtained by McClelland (86). 

Thus use o f a screening parameter in this range rather than the normal 

value o f £ -  30.7 nm“ 1 should lead to more accurate values o f the 

energy band widths. Comparison of the elements of the mobility 

tensor (table (3 .6 ), page (62)) and calculated band widths (table (3 .5 ), 

page (5#)) with their SCF counterparts re fle ct the above conclusion,

3 .6 ( i i i )  Effects o f small rotation o f the molecules on the 
calculated m obilities.

Accurate X-ray crystallographic studies on organic molecular 

crystals have shown (98) that the molecules in a crystal are able, 

under normal conditions, to rotate about their equilibrium positions 

through angles up to approximately 4 °. The e ffects  o f  such rotations 

on the calculated principle transfer integrals and m obility ratios 

are shown in table (3.8) and table (3.9) respectively. The molecules 

have been rotated through ±1°, ±2° and ±4° about the _a, b and c axes. 

The magnitude o f the changes induced are quite large, the interaction 

most affected being that between the molecule at the origin  and the 

molecule at position (J, J, 0) where a rotation o f  ±2° about a 

produces a 50% change in the transfer in tegral. For a ll rotations the 

clockwise and anticlockwise motions compensate each other and the net 

result is  the equilibrium value. However, the calculations in fer 

that in the region of dislocations, where angles much larger than used 

here are to be expected, the m obility pattern could be drastica lly



Position R c ( - i ° ) R b ( -r  ) Ra(-1° ) Equilib. Ra(+1°) Rb(+r ) RC( + r  )

(0,1 ,0) -206.94
(44.77)

- 2 1 3 . 0 9
(il5«73)

- 1 9 4 . 9 2  
(31.91 )

-210.64
(45.07)

- 2 2 7 . 1 7
(58.70)

- 2 0 7 . 8 0
(4 4 . 3 4 )

- 2 1 3 . 8 2
(45.24)

- 8 7 . 7 0
(166.64)

-71 .78
(153.73)

-103.95
(170.19)

-76.13
(168.35)

- 4 7 . 7 8
(1 6 5 . 6 2 )

- 7 8 . 6 1
(1 8 2 . 1 9 )

-66.55
(167.95)

( * ¿ * 1  ) 8 8 . 7 1
( -15 .30)

9 1 . 8 1  
( -13 .11)

8 6 . 0 3
( -15 .59)

90.47  
( - 1 5 . 6 1 )

94.67
(-14.86)

8 8 . 7 4
(-18.04)

9 2 . 1 1
( -15.90)

Position Re ( -2 ° ) Rb(-2° ) Ra(-2° ) Equilib. Ra(+2°) Rb(+2°) Rc ( +2“ )

(0 ,1  , 0 ) - 2 0 2 . 7 6
(44.32)

- 2 1 5 . 1 2
(46.28)

- 1 8 0 . 3 1
(19.74)

-210.64
(45.07)

-245.42
(73.22)

-204.61
(43.52)

- 2 1 6 . 5 0
(45.26)

( »0 ) - 1 0 0 . 9 6
(162.24)

-68 .83  
(134.41 )

- 1  30.14
(1 7 1 . 1 0 )

-76.13
(168.35)

-20 .46  
(161 .43)

- 7 8 . 6 2
(197.98)

-58.36
( 1 6 6 . 0 2 )

( >1 ) 93.68
(-14.93)

86.54
( - 1 0 . 6 2 )

8 1 .51
( -12 .76)

90.47  
( - 1 5 . 6 1  )

9 8 . 5 6
( -15 .55)

92.78
( - 2 0 . 3 8 )

86.54 
( - 1 6 . 2 1 )

Position Re(-4° ) Rb(-4° ) Ra(-4°) Equilib. Ra(+4e') Rb(+4° ) Rc(+4t' )

4—.
O*«o

- 2 2 0 . 6 7
(44.38)

-197.73  
(41.74)

- 2 8 0 . 4 5
(99.75)

-210.64
(45.07)

- 1 5 3 . 2 3
(8.38)

- 2 1 8 . 8 1
(47.28)

-193.24
(43.13)

( T*T*U) -44 .44
(160.59)

-86 .94
(229.83)

29.45
(229.83)

-76.13
(168.35)

- 1 8 0 . 9 4  
(171 .97)

-69.54
(97.82)

-128.23  
(151 .55)

( ) 96.55
( - 1 6 . 7 6 )

81 . 2 2  
( -26 .37)

107.33
( - 7 . 0 2 )

9 0 . 4 7  
( - 1 5 . 6 1 )

73.06
( -15 .59)

92.68
(-4 .17)

82.73
(-14.08)

Table(3-8)

Fluctuations in the major resonance integrals* of excess electrons and holes 

(in parentheses) in crystalline naphthalene on rotation of the molecules 

through a small angle +a about one of the crystallographic axes.

♦units: 1»-4 eV.



Rz(- 1c ) Ry(-i ) Rx(-1 ) Equil. Rx( 1 ) Ryd ) Rz(l ) Exp.

<vbvb> 2 6 6 . 0 9  
(8*41 . 2 3 )

2 3 2 . 5 8
( 8 6 7 . 6 8 )

259.69 
(782.91 )

271.38 
(853.79)

2 8 7 . 1 1
(951.36)

311 . 2 6
( 83*4. 6 5 )

2 7 0 . 5 8
(867.37)

1Jan
%b

1 . 6 5
(0 . 2 9 )

1 . 6 1
(0 . 2 5 )

1 .76
(0.36)

1 . 6 5
(0 . 2 6 )

1.51 
(0.19)

1 . 6 9  
(0 . 2 6 )

1 . 6 5  
(0 . 2 3 )

1 .0
0.64

V c '
U|>b

0.0*4 
(0 . *4*4 )

0 . 0*4
(0 .46)

0.0*4 
( 0 . *4*4)

0.04
(0.45)

0.04
(0.44)

0 . 0 5
(0.44)

0.04
(0.46)

0.57
0.29

Rz(-2 ) Ry(-2 ) Rx( -2 ) Equil. Rx(2  ) Ry(2 ) Rz(2 ) Exp.

<vbvb> 253.2*4 
(8*41.68)

1 8 6 . 7 0  
(8 7 0 . 9 1  )

251.19 
(736.*45)

271.38 307.76 
( 8 5 3 . 7 9 ) ( 1 0 8 6 . 0 0 )

3 6 0 .7 3
(8 1 8 . 9 0 )

265.35  
( 8 6 9 . 7 0 )

unn
% h

1.6*4
(0.35)

1.53
(0 . 2 2 )

1.8*4
(0 . 5 0 )

1 . 6 5
(0 . 2 6 )

1 .3*4 
(0.15)

1 .72
(0 . 2 8 )

1 .64
(0 . 2 0 )

1 .0 
0.64

V c '
0.0*4

(o.*49)
0 . 0 3

(o.4o)
0 . 0 3

(0.42)
0.04

(0.45)
0.04

(0.42)
0 . 0 5

(0.49)
0 . 0 5

(0.40)
0.57
0 . 2 9

uw,
Rz(-*4 ) Ry(-*4 ) Rx( -4 ) Equil. Px ( 4 ) Ry(*4 ) Rz(4 ) Exp.

<vbvb> 2*49.38
(903.39)

*473.81
( 7 6 7 . 6 0 )

353.27
(1*410.53)

271 . 38 
(853.79)

249.00
(706.78)

1 1 6 . 8 6
(907.46)

223.21
(814.33)

>u
V c '

1.6*4
(0.19)

1.77
(0.29)

1 . 0 0
(0 .14)

1 .65
(0 . 2 6 )

1 .88
(0.84)

1 .29
(0.23)

1 . 6 3
(0.44 )

1 . 0
0.64

0 . 0 5
(0.48)

O. 0 7
(0.40)

0 . 0 1
(0 . 3 8 )

0.04
(0.45)

0 . 0 5
(0.35)

0 .0 1  
(0.44 )

0.04
(0.39)

0.57
O. 2 9

Table(3.9)
Effects of small rotations on the mean square velocities and mobility 

ratios of excess electrons and holes(in parenthesis) in naphthalene.

•units:  1 b6 m /sec .
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changed. In addition the presence in the la ttice  o f impurity 

molecules is expected to cause slight reallignment o f molecules in 

the near v ic in ity  so modifying the interactions between host molecules. 

F inally, the magnitude o f the change induced shows very clearly that 

the formulation o f crystal structures, fo r  compounds o f which the exact 

crystal structure is  unknown, from the crystal structures o f  sim ilar 

compounds can lead to erroneous results when used in band structure 

calculations.

3 .6 (iv ) The va lid ity  of the Energy band model.

In Chapter (2 ), section ( 3 ) ,  page (33), several cr iter ia  were 

outlined which must be obeyed for  the energy band model to be 

applicable to the conduction process in a particular molecular 

crysta l. These can be summarised b r ie fly  as :

(1) Bandwidth > k 6 (equation (2 .7 6 )), where 6 is the Debye temperature.

(2) Bandwidth > h /to  (equation (2 061)) -  the uncertainty princip le .

(3) X > la tt ice  spacing.

Assuming the Debye temperature for naphthalene to be sim ilar to 

that o f  anthracene (92) then criterion  (1) states that the band width 

must be greater than 0.007 eV . The remaining two criterion  can be 

rearranged as in equation (2.29) and equation (2.30) such that the 

minimum values o f the calculated m obilities serve as the criterion .

Numerical values for  these quantities are shown in table (3 .10).

For the remaining screening parameters, with the exception o f 

£ «  20o7 nm the calculated m obilities are less than those quoted 

in table (3 .10). For values calculated in the mean free time 

approximation the uncertainty principle is obeyed for  a ll values of 

the vibrational overlap fa ctor. However, for values calculated in the 

mean free path approximation only those values corresponding to a
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V ib ra tion a l E lectron  Hole
Overlap a b c a b £

0.1 0.14 0.09 0.01 0.03 0.30 0.1 4

0 .2 0.29 0.18 0.02 0.05 0.50 0.21

0 .5 0.56 0.34 0.03 0.09 1.05 0.39
1.0 0.73 0.45 0.04 0.10 1.41 0.44

Expt. 0.7 0.7 0 .4 0 .9 1 .4 0 .4

V ib ra tion a l
Overlap a

(a)

E lectron  
b c a

Hole
b c

. —■*
0.1 0.4o 0.28 0.02 0.05 0.37 0.1 3

0 .2 0.79 0.53 0.03 0.12 1 .08 0.33

0 .5 1.93 1 .09 0.09 0.22 2.4o 0.58

1 .0 3.78 1.62 0.21 0.24 3.00 0.58

Expt. 0.7 0.7 0 .4 0 .9 1 .4  - 0 .4

(b)

Table (3.1 o)

Minimum values o f  the m ob ility*  f o r  various values 

o f  the v ib ra tio n a l overlap  fa c to r  ca lcu la ted  such 

that the Energy band model is  in te rn a lly  con sista n t. 

Screening parameter*? = 2 2 .7  rmT1.

(a ) Mean fr e e  time approxim ation.

(b ) Mean fr e e  path approxim ation.

* u n i t s :  1 » -4  m / v o l t - s e c .
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vibrational overlap factor < 0«2 obey criterion  (3 ) . Aa stated earlier 

the vibrational overlap factor is  ~0«5 and in addition polarization 

e ffects  (AA) serve to reduce the transfer integrals by a factor of up 

to 2 0 Thus the combination o f these two e ffects  could culminate in 

criterion  (3) being sa tis fied , while at the same time any changes in 

the calculated band widths would be in su fficien t to cause a 

contradiction o f criterion  (1)» However, i t  is  only fa ir  to point 

out that the applicability  o f the energy band model has so far not 

been conclusively proved0 For the remaining screening parameter 

5 ■ 20»7 nm"1 and 2A<>6 nm"1 the results obtained are sim ilar to those 

of c ■ Oe227 nm“ 1 , while for  £ ■ 2605 nm“ 1 and upwards criter ia  (2) 

and (3) are obeyed for  practica lly  any value o f the vibrational overlap 

factor« I t  should however be noted that for  the larger screening 

parameters criterion  (1) is  in danger o f being contradicted for  values 

o f the vibrational overlap factor which are substantially less than 

unity«

3„7 Discussion and conclusion

The anisotropy o f the m obility tensor o f excess electrons and 

holes in crystalline naphthalene have been calculated on the energy 

band model using single Slater functions with modified orbita l 

exponents to represent the carbon 2p atomic wave function«

Results in good agreement with those obtained using SCF atomic 

orbita ls can be obtained using a screening parameter in the range 

22«7 to 2A«6 nm"1 , however, both sets of wave functions give only 

fa ir  agreement with experiment«

The general lack o f agreement between theory and experiment 

could arise as a result o f s

(a) the assumptions used in the calculation o f the m obility ratio 

are incorrect in that the relaxation time function x(k) is  not 

isotrop ic«
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(b) energy bands other than the f ir s t  conduction band are involved 

in the migration o f charge carriers,

(c) the energy band model is  not applicable to the mechanism of 

transport in crystalline naphthalene.

With regard to point (a) we can only re-iterate  what has already been 

stated, i , e ,  that the accurate calculation o f the relaxation time 

function is  beyond the scope o f present methods, however, an 

approximate estimation o f r(k) fo r  anthracene (70) indicated that 

r(k) was indeed iso trop ic . Similarly with point (c) i t  has been shown 

in section ( 6 )  that inclusion o f molecular vibrations and polarization 

e ffe cts  can lead to mobility values consistent with the uncertainty 

prin cip le . Thus there is  no theoretical reason why the energy band 

model should not be applicable. This leaves point (b ) , Jager (124) 

using the LCAO-HCO method o f Ladik (125) has estimated the energy 

band width of the second conduction band in anthracene to be o f the 

same order o f magnitude as the f ir s t  conduction band,and experimentally 

in jection  o f  excess electrons into higher conduction bands has been 

observed in crystalline anthracene (9 ,87), Point (b) is therefore a 

feasib le  proposition. The symmetry o f the molecular orbitals which 

would be employed as a basis in the construction o f the crystal wave 

function fo r  the second conduction band are such that qualitatively 

one would expect the second conduction band to be sim ilar to the hole 

band. Thus the overall ratios ^ a a ^ b  would decrease whilst 

wc*c*^1Jlbb would increase bringing the theoretical results more in line 

with experiment. Furthermore, i f  electrons were in jected from the f ir s t  

conduction band they would leave hole vacancies in the conduction band, 

thus, the hole mobility ratios would attain some electron character, 

v iz , ^aa^bb woui d increase and yc bco/ would decrease, again 

bringing the ratios more in line with experiment. This point is 

considered in greater detail in the next chapter.
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CHAPTER (4)

On the energy band structure and carrier m obilities in 

crystalline anthracene«

4»1 Introduction »

4.2 The energy band structure o f molecular crystals with

nearly degenerate bands»

4.3 Molecular Orbitals«,

4.4 Numerical results and band structure»

4.5 M obility tensor»

( i )  General»

( i i )  Electron mobility along the c° axis»

( i i i )  Comparison of the results obtained using the modified

(ç -  24»6) and normal (ç -  30»7 nm“ 1) Slater functions

to represent the 2p atomic wave functions»z
(iv ) Comparison of the results obtained using Hueckel and 

Mathur -  Sinÿi molecular orbitals»

(v) Temperature dependence»

(v i) Hall e ffe ct»

4.6 Conclusion
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4,1 Introduction

In the past decade anthracene has received considerable attention 

as a prototype molecular crystal and the literature has been inundated 

with experimental values o f  the resis tiv ity  and energy gaps (93) 0 

Single crystal and mobility measurements, however, are somewhat rare, 

and the complete anisotropy o f  the mobility has only been determined 

by Kepler (11). Theoretical calculations (39, 40, 41, 43) have shown 

that the major features o f the mobility anisotropy can be understood 

in terras o f an energy band model, the only exception being electron ic 

conduction along the axis perpendicular to the ab plane where the 

calculated m obility is too low by a factor of about 100, In the 

above mentioned calculations e lectron ic conduction was assumed to occur 

only in the lowest conduction band0 The precise location o f this 

band is  not known with any degree o f certainty although i t  has been 

suggested that i t  lies  above the f ir s t  singlet state (101), Hence 

the photo conduction band gap is above 3,1 eV,, and may be greater 

than 3,7 eV (102), Several workers have claimed that in trin sic  

photo generation o f carriers only occurs with photo energies in excess 

o f 4 eV (9, 151, 103) and that the photo conduction spectrum shows

two maxima 4.4 eV (9,151, 103) and 5,5 eV (103) indicating that 

electrons can be excited to bands o f a higher energy than the f ir s t  

conduction band, Sano, Pope and Kallmann ( 103, ) ,  in an electro 

luminescence experiment, have shown that electrons can be in jected 

from, the normal conduction band into higher energy bands under the 

e ffe c t  o f an applied field, thus producing holes in the conduction 

band. I t  is  partia lly  the purpose o f this chapter to investigate 

the nature o f  the second conduction band on the assumption that, 

like the f i r s t ,  the band can be treated in the tight binding 

approximation.
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The calculation o f the energy band structure o f the second 

conduction band in anthracene is complicated by the fact that the 

molecular energy level giving rise to the band is degenerated. Thus,

corresponding to the two molecular energy levels there w ill exist two 

energy bands in the close proximity o f one another and subsequently 

interactions between the two bands cannot be neglected, A procedure 

for the calculation o f such bands is outlined in section (2 ),

The temperature dependence o f  the mobility o f charge carriers

has been studied experimentally by several authors (11, 14, 16, 38, 94, 95)

and the general confensus is  that electrons and holes have a different

temperature dependence o f the type T n, with n usually between

1 and 2, The only exception to this is  that the d r ift  mobility of

excess electrons along the axis perpendicular to the ab plane is

found to be v irtu a lly  temperature independent (11, 109, 110, 111).

Because o f the absence o f crystal data only very approximate methods

have previously been used (40) to estimate the e ffects  o f temperatures

on the calculated m obilities. However, since the publication of the

ea rlie r  work Mason (98) has completed a study o f the thermal

expansion properties o f the anthracene crystal thus fa c ilita t in g  a more

detailed study which is  reported in section (5 ).

4.2 The energy band structure o f molecular crystals with nearly 
degenerate bands.

In the two centre approximation, with zero overlap, the energies 

o f  the two symmetry states » i °  the absence o f a ll other

states, are given by :

< ^ ( 1 0 ( H i n d o o »  -  E t (0> + y  | « M v ( r  -  rn) U A>
nfO

+

cos(k . r )•—* —n—n (4.1)
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where E ^  is the energy o f molecular orbital <f> in the free 

molecule, ^ “ (k) are the symmetry adapted crystal wave functions 

formed as a Bloch sum of molecular orbitals <p „ The differenceX
in energy between the highest occupied and lowest unoccupied 

molecular orbitals in anthracene is  about 4 eV, It  is therefore 

ju s t ifia b le  to neglect the p oss ib ility  o f band mixing between 

crystal states formed with the above two molecular orbitals as a 

basis se t, and the band energies can be obtained by direct 

substitution o f the appropriate integrals into equation (4 ,1 ), The 

second and third lowest unoccupied levels o f anthracene, of synmetry 

b2g and au respectively, are degenerate in the Hueckel 

approximationo Hence the centres of the energy bands formed from 

these molecular orbitals w ill l ie  close together and one must 

subsequently expect an appreciable amount o f band mixing. The 

energies o f the resulting states w ill be the solutions o f the 

determinant

where

HT b “  E
°2g*b2g

+

\  . .2g9 u

H± ha U. b 2 g
H* -  E a ,a u* u

+ + i i  +7 ■ <i2. H £2 > 4,m Z 1 1 m

(± l)n E*,m cos(k .rn)

(4.2)

(4.3)

where 6. is the Kronecker 6 function, xm

Cn’ m " “ J E n ^ m ^  (4.4)

E**“  -  <♦, (r -  r )|v (r -  r )|<f> (r)> n * — ~n — —n mand (4,5)
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The two solutions o f the determinant for each symmetry are 

given by s

w;(k) - i (H + RT ,d a â  D a q Dau* u 2g® 2g

(h; (4 .6)

thus the energy dependence on the wave vector k depends not only on 

the last term in equation (3.1) but on the other terms also.

Expanding the molecular orb ita ls, <(> , in terms o f  their 

constituent atomic orb ita ls, u , and substituting the potential in 

the manner given in chapter (2) (equations (2.9) through (2 .13)) then l

£,m _
n « x M x M ^ -e 2 c* c®

a ,8

<u |Z /R -  l  6(^  |r.a1 a a „ a 1 12 1 a 1 8J OCC

-  _2 } (4.7)

where c* is  the coe ffic ien t o f centre j  o f the molecular orbita l 
J

the remaining symbols have been defined in chapter (2 ).l
Similarly

:n’ m -  (' e2 l c6 c6a, 8

2 occ

» .  (<u6 |<ua|rl2- ‘ |uj>ue>

-  ‘ '‘ 6 l<u„ l r i2 -1I V lV ) ’ (4 .8)
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Of the la st two terms in equation (4 08) the la tter represents the 

exchange interaction between the atomic orbitals ua and the

former being the coulomb interaction between the charge distribution

ju |2 and |u |2 o The fourth term ia ~ 1000 times smaller than the
3 l m

third (at C * R ■ 7,0) and is  neglected, Ĉ » therefore reduces to

,£m f - e 2 J c* c® <u. ¡Z /R [u0> 1 e ¿ g g  3 1 a a' 3 a, 3

j* o c c

-  <uj<u„|r12->|ua l>us> > (4.9)

For arom atic hydrocarbons the e le c tro n  den sity , PQ , at centre a is  

u n ity  and f o r  large in te m u c le a r  d istances the e le c tro n  charge

d is  tr ib u tio n s

T 6 ^  <f>^ and u u . * ya a a aJ«OCC

can be considered as localized on the centre a , Thus the last two 

terms o f equation (4,9) reduce to

<u$ ( r > l z , /Rs |ui ( r t >

and hence

c l *m  -  0 .0 .n

To test the v a lid ity  o f the above approximation we have calculated 

the nuclear attraction and electron ic repulsion parts within the 

square brackets o f equations (7) and (9) using the molecular integral 

tables o f Kotani et al (34), The results are given in table (4 J K
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Et.m
n

c A,m
n

CR
Electron
Repulsion

Nuclear
Attraction Difference

Electron
Repulsion

Nuclear
Attraction Difference

4 4 4 4

5,0 0,174 35 25 0,1931544 0,018809 0,74638501 0,75218740 0,00580239

6,0 0,0867993 0,0941924 0,207391 0,63743608 0,63891160 0,00147552

7,0 0,0415234 0,0443784 0,002855 0,55 3588 31 0,55 393868 0,00035037

8,0 0,0192620 0,023512 0,001892 0,48820259 0,48828160 0.00007901

Table (4,1)

Nuclear attraction and electron repulsion parts o f the 
hybrid, E , and coulomb, C B in tegrals.

For screening parameter ? -  3007 nm“ 1 the internuclear 

distances corresponding to the values in table (4,1) are 0,163, 0,195, 

0,228 and 0,261 nm , These are considerably smaller than the average 

intem uclear distance in anthracene, the smallest internuclear distance
jf jjj

being 0,367 nm, however i t  does show that C** is  decreasing at a
fL tnfaster rate than E • and that in the region R -  0,370 nm to 

1,058 nm w ill be several orders o f magnitude less . I t  should be 

noted at this point that the above arguments only apply to molecules 

having an even distribution o f electrons. For cases where there is 

polarization  o f  the ir-electron system, leading to greater densities 

at certain atoms, the above conclusions to not apply,

4,3 Molecular orbitals

Following the procedure outlined in Chapter (3 ), page (47), the 

wave function for  the positive ion was obtained by assigning the excess 

hole to the highest occupied molecular orbital in the neutral molecule. 

For the excess electron the molecular orbital o f the ion was obtained 

by assigning the electron to the f i r s t ,  second or third lowest 

unoccupied molecular orbita l giving rise to the f i r s t ,  second or third
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conduction bands6 The molecular orbita l coe fficien ts are taken as the 

Hueckel coe ffic ien t (108) o f the appropriate energy level»

The use of Hueckel molecular orbitals in band structure 

calculations has recently been cr it ic ise d  by Mathur and Singh (105)«, 

Their criticism s are based on the following two inconsistencies i 

"(1 ) One is  not ju s t ifie d  in combining resonance integrals between 

molecules situated far apart at different molecules with Hueckel 

coe ffic ien ts  because in calculating Hueckel molecular orbitals one 

neglects a ll resonance integrals except those between nearest 

neighbours »

(2) The atomic orbitals centred on a given molecule, when 

calculating intermolecular resonance integrals, are non-orthogonal, 

whereas Hueckel coe fficien ts are based on the assumption o f 

orthogonalityo"

With these criticism s in mind Mathur and Singh have developed a 

modified procedure for determining molecular orb ita l coe fficien ts»

These co e ffic ie n ts , together with those calculated using the Hueckel 

approximation are given in table (4»2)»

4<>4 N um ericalresults and energy band structure

The crystal data used is  taken from Mason (98)» The unit c e ll  

constants and atomic coordinates were determined both at 95°K and 290°K» 

X-ray photographs were also taken by Mason at temperatures intermediate 

to these two temperatures and no discontinuous changes in unit c e ll  

constants were observed» Precision measurements on the single film  

showed the thermal expansion coeffic ien ts  to be markedly anisotropic 

the maximum value being approximately in the direction o f N, the axis 

perpendicular to the molecular plane» Calculated torsional 

o s c illa t io n s , at 290°K about the molecular axes L, M and N are 3»6°,

2 »7° and 3»1° respectively in reasonable agreement with the earlier
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I

I

 ̂' rrnrr*‘ c - • i . 2 . 3 . 4 . 1 . 2 # 3 • 4 .

AxSy T c • ro 05 0 O. 311 - 0.091 - 0.440 0.24269 0.3064 - 0.10231 - O . 4553O

SxSy Pc 0.220 - 0 . 3 1 1 - o . 091 0.440 - 0 . 27; 0.37937 0.05053 - 0 . 47i S i

A xAy o •0.204 0 • c ro - 0 .20 4 0.000 0.24353 - 0 .5 1  r" 0 .3 0 0 5 6 0.00000

SxAy 10 -•0.354 0 . 000 o . 3 5 /l 0.000 0.47415 - o . 04131 0 .4 3 2 5 6 0.00000

T a b l e (4 . 2 )

M o l e c u l a r  o r b i t a l  c o e f f i c i e n t s ,  c , In th e  Hue eke 1 and M a t h u r - S i n g h  a p p r o x i m a t i o n s

Numbering o f  th e  atoms i n  a n t h r a c e n e .  The f i g u r e s  in  p a r e n t h e s e s  r e f e r  t o  t h e  

e l e c t r o n  d e n s i t i e s  c a l c u l a t e d  i n  th e  M a t h u r - S i n g h  a p p r o x i m a t i o n .
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C r y s ta l da ta  f o r  a n th ra cen e ( 9 8 ) »

a nm., b nm c nm. b e ta .

290 K O. 8 5 6 2 O. 6 0 3 8 1 .1184 124 42

95 K 0 .8 4 4 3 0 . 6 0 0 2 1 .1 1 2 4 125 36

F r a c t io n a l  a tom ic  c o o r d in a te s .

95° K 290° K

atom x /a y /b z / c x /a y /b z / c

1 0 . 0 8 6 0 0 0 . 0 2 3 6 1 0 . 3 6 7 9 7 O. 0 8 8 9 3 0 . 0 2 8 1  8 O. 3 6 5 8 6

2 0 .1 1 7 5 0 0 . 1 5 6 7 7 0 .2 83 48 0 .1 1 8 4 9 0 . 1 5 8 3 6 0 .2 8 o4 l

3 0 . 0 5 8 8 8 0 . 0 7 9 6 1 0.1 3963 0 . 0 5 8 7 8 0 . 0 8 0 5 4 0 . 1  38 04

4 0 . 0 8 8 3 5 0 . 2 0 9 4 9 0 .0 5 1 7 4 0 . 0 8 7 1 2 0 . 2 0 8 2 9 0 .0 4 7 6 6

5 0 . 0 2 9 7 2 0 . 1  3458 -0 .0 9 0 3 0 0 .0 30 77 0 . 1 3 0 8 7  ■■0 . 0 8 9 9 0

6 0 . 0 6 0 5 6 0 . 2 6 1 0 9 - 0 . 1 8 2 6 3 0.05911 0.26461 ■■0 . 1 8 2 6 0

7 0 .0 0 3 9 9 0 . 1 8 7 0 7 - 0 .  318o4 0 . 0 0 2 6 0 0 . 1 8 0 9 9  •'O .3I 673

I n c l in a t i o n  o f th e  m o le cu la r  axes  L,M and N to  th e  o r th o g o n a l

a x e s  a,,b  and c •

95° K 290* K

a b c a b c

L 1 2 0 .7 4 97 .52 3 1 .88 L 11 9.61 97. 32 30 .68

M 1 0 7 . 6 7 1 5 3 . 7 6 1 0 8 . 7 5 M 1 0 8 . 5 1 1 5 3 .4 4 I 0 8 . 36

N 36.51 11 4 .9 7 6 5 . 2 2 N 35 .97 11 5 . 38 6 6 . 2 3

T a b le ( 4 .3 )
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values of Cruickshank (112). The translational vibrations are a good 

deal more isotrop ic having / u 2 values o f 0.022, 0.017 and 0.016 nm 

respectively. At 95°K the molecules are much more rig id ly  fixed in 

the la tt ice , the rotational amplitudes being 0 .9 °, 0 .9° and 1.6° 

respectively with translational amplitudes o f 0.013, 0.007 and 

0.009 nm. The unit c e l l  data at 95°K and 290°K together with the 

atomic coordinates and the orientations o f the crystal to the 

molecular axes are given in table (4 .3 ). I t  should be noted that the 

atomic coordinates in table (2) o f Mason's paper are wrongly quoted, 

the corrected coordinates are given in table (4 .3 ).

Intermolecular transfer integrals have been calculated for the 

excess hole and the three conduction bands using the normal Slater 

screening parameter, 4 ■ 30.7 nm“ 1 , the modified screening parameter, 

¡; « 2 4 .7  nm“ 1 and Hueckel coe ffic ien ts  for  both temperatures. The 

results are lis ted  in tables (4 .4 ), and table 4 .5 ) . The principle 

transfer integrals for the electron and hole bands at the two 

temperatures show only a small variation, » (see figure (3 .1 ), 

page (4 6 )), decreasing by about 10% whilst Eg and E10 show a rather 

larger increase. The temperature dependence of the transfer integrals 

in the higher conduction bands is more complicated.

Transfer integrals have also been calculated using the molecular 

orbita ls coe ffic ien ts  o f Mathur and Singh. The results, using the 

normal Slater screening parameter are given in table (4 .6 ). With the 

exception o f  E1Q for the electron the integrals for the electron and 

hole bands are comparable to but rather smaller than their Hueckel 

equivalents. E1Q for the electron band is larger by a factor of 

about 10 than the same calculated using Hueckdtt molecular orb ita ls .

For the h igher conduction bands the d iffe re n ce s  in  the tra n sfer  

in te g ra ls  is  much la rger  r e f le c t in g  the large d iffe re n ce s  between the 

two se ts  o f  c o e f f i c i e n t s .



290 K 9 5  K 2 9 0  K95 * K

P o s i t i o n < 8 l 8 > < 7 I 7 > < 8 l 8 > <7 I 7 > < 9 1 9  > <1 0 I 1 0 > < 1 0 I 9 > <919  > < 1o n o >  <1 o i 9 >
( 0 , 0 , 1 ) 1 . 0 7 1 . 0 6 0 . 5 1 0 . 1 0 - 0 . 9 0 2 . 6 4 - 1 . 5 2 - 0 . 4 2 - 0 . 3 4 0 . 3 1

( 0 , 1 , 0 ) 3 9 . 3 2 - 5 1 . 9 8 4 5 .3 1 - 5 8 . 0 7 8 1 . 3 0 - 6 .8 1 2 8 . 6 9 8 4 . 4 9 - 6 . 5 8 2 7 . 9 0

( 0 , 1 , 1 ) - - 0 .0 1 - - 0 . 0 1 - 0 . 0 1 - - 0 . 0 1 -
( 1 , 0 , 0 ) 0 . 0 5 0 . 0 3 0 . 0 1 0 . 2 4 - o . o 4 - 0 . 0 5 0 . 0 2 - 0 . 0 6 0 . 0 1 - 0 .0 2

( 1 , 0 , 1 ) - 0 . 1 9 - 1 . 0 1 - 0 . 1 6 - 0 . 7 7 0 . 2 5 0 . 5 5 0 . 5 3 0 . 2 2 0 . 4 3 - 3 . 8 6

(1 ,1  , 0 ) 0 . 0 1 - 0 . 0 1 0 . 0 8 - 0 .0 1 - 0 . 0 2 - 0 . 0 1 0 .0 1 - -

( 1 , 1 , 1 ) - - - - - 0 . 0 1 - - - - -

( £ , £  , 0 ) - 1 3 7 . 9 7 - 6 7 . 0 6 - 1 1 5 .2 1 - 4 7 . 2 4 7 -1  .0 2 1 8 . 5 9 - 3 1 . 1 0 1 5 .4 4 1 4 .3 5 - 1 8 .1 9

( i ,  4>1 ) 0 . 2 6 2 3 . 6 5 - 0 . 3 4 1 9 . 0 5 7 . 0 0 - 3 1 . 9 4 - 3 . 3 3 6 . 1 2 - 2 7 . 5 8 - 5 . 5 8

T a b le (4 .4 )

T r a n s fe r  I n t e g r a ls *  f o r  th e  e x c e s s  h o le  and f i r s t  th r e e  co n d u ct io n  bands in  c r y s t a l l in e  

an th ra cen e  com puted a t  95° K and 290" K u s in g  H ueckel m o le cu la r  o r b i t a l s  as b a s is  in  th e  

B lo ch  sum and a  s in g le  S la t e r  fu n c t io n  with*» *= 3 ° » 7  ran1. t o  r e p r e s e n t  th e  ca rb on  atom ic 

w a v e fu n ct io n .T h e  numbers w it h in  th e  a n g u la r  b ra ck e ts  r e f e r  t o  th e  number o f  th e  m o lecu la r  

o r b i t a l  used  t o  c a l c u l a t e  th e  t r a n s fe r  i n t e g r a l .

* u n its : 1 »-4  eV.



95* K 290° K 95* K 290* K

P o s i t i o n <8i8> <7I7> <8I8> <7I7> <9I9> <10I10> <10I9> <9I9> <10I10> <10I9>

( 0 ,0 ,1 ) -4 .9 3 - 2 . 0 7 - 3 .8 4 - 2 . 6 2 4.21 2 .4 8 2 .4 6 3.41 4 .3 3 -0 .4 3

( 0 ,1 ,0 ) 166.71 - 2 1 0 . 4 5 1 6 1 . 6 7 - 2 1 8 . 1 8 3 2 1 .4 5 -5 3 .2 0 159 .96 332.51 -4 6 .5 0 151 .23

( 0 ,1 ,1 ) - 0 . 0 3 - 0 . 2 2 - 0 . 0 3 - 0 . 2 2 0 . 0 6 0 . 1 7 - 0 . 0 5 0 . 0 6 0 . 1 7 - 0 . 0 3

( 1 ,0 ,0 ) 0 .7 3 0 . 0 1 0 .4 4 0 . 0 5 -2 .4 1 0 .2 4 -0 .7 5 -1 .7 5 0 . 1 8 - 0 .5 8

( 1 ,0 ,1 ) - 1 . 0 2 - 1 0 . 9 6 - 1 . 0 8 - 9 . 0 0 - 1 . 7 6 7.11 - 8 . 9 1 1 .8 9 5 .9 0 -4 .9 0

( 1 , 1 , 0 ) 0 . 0 3 - 0 . 0 9 0 . 0 2 - 0 . 0 9 - 0 .0 5 0 . 0 7 0 . 0 1 -0 .4 2 0 . 0 5 - 0 . 1 5

( 1 , 1 , 1 ) 0 . 0 3 - 0 . 0 8 0 . 0 2 - 0 .0 9 -0 .1 4 0 .0 2 -0 .0 4 -0 .1 1 0 . 1 8 - 0 . 0 5

(£ ,£  , o ) -4 1 0 .6 6 - 2 0 7 . 9 4 - 3 7 6 . 6 2 -1 4 8 .9 7 8 . 2 6 9 9 .2 2 3 3 0 .6 4 3 1 .8 7 . 03 7 3 .5 8

( 1 ,1 ,1 ) -8 .7 1 1 0 6 . 1 2 - 1 . 9 6 9 1 .7 7 43 .13 -1 2 9 .4 6 4 0 .6 8 2 8 .9 8 107.41 14 .64

T a b le (4 .5 )

T ra n s fe r  I n t e g r a ls *  f o r  the e x c e s s  h o le  and f i r s t  th re e  co n d u ct io n  bands In  c r y s t a l l in e  

an th racen e com puted a t  95* K and 290* K u s in g  H ueckel m o le cu la r  o r b i t a l s  as b a s is  in  the 

B lo ch  sum and a s in g le  S la t e r  fu n c t io n  w i t h = 2 4 .6  run . t o  r e p r e s e n t  the ca rb on  atom ic 

wave fu n c t io n .  The numbers w it h in  the a n g u la r  b ra ck e ts  r e f e r  t o  the number o f  the m olecu la r  

o r b i t a l  used  t o  c a lc u la t e  th e  t r a n s fe r  in t e g r a l .

* u n i t s : 1»-4  eV



95* K 290* K 95* K 290* K

P o s i t i o n <8I8> <7I7> <8I8> <7I7> <9I9> <10I10> <10I9> <9I9> <10I10> <10I9>

( 0 , 0 , 1 ) 1 .25 - 1 .4 8 0 .31 0 . 1 1 5 .0 9 - 1 . 1 3 - 2 . 3 6 - 0 . 6 7 -0 .4 1 2 . 7 2

(0 , 1 , 0 ) 2 0 .3 9 - 3 6 . 9 6 3 1 . 0 1 -4 3 -9 4 - 5 . 6 2 1 2 7 . 8 8 17 .05 -6 .4 4 132 .50 19 .64

( 0 , 1 , 1 ) ; - -0 .0 1 - - 0 . 0 1 0.01 - - 0.01 - -

( 1 , 0 , 0 ) 0 . 1 2 0 . 0 3 0 . 0 6 - 0 .0 5 - 0 . 1 1 0 .0 2 - -0 .1 2 - 0 . 0 7

( 1 , 0 , 1 ) - o .4 i - 0 . 6 8 - 0 . 3 2 - 0 . 5 1 - 0 . 3 2 0 . 2 0 -0 .9 9 - 0 . 1 8 0 .2 0 0 . 7 1

( 1 , 1 , 0 ) 0.01 - 0 . 0 1 0.01 - 0 . 0 1 - - - - -0 .0 1 -

( 1 , 1 , 1 ) - - - - - - - - - -

( ± ,± ,0 ) -1 20 .5 1 -2 4 .0 2 -9 7 .4 8 - 1 6 . 2 8 -8 0 .7 8 2 4 .8 3 -1 8 5 .2 8 -5 4 .9 8 55 .14 -1 3 7 .3 8

( £ ,* ,  1) 4 .0 3 3 1 .9 9 2.41 2 6 . 0 1  - 4 0 . 5 2  

T a b le (4 .6 )

8 .9 9 -2 5 .8 3 -3 5 .9 7 8.21 -1 9 .2 5

T ra n s fe r  in t e g r a ls *  f o r  the e x c e s s  h o le  and f i r s t  th re e  c o n d u ct io n  hands in  c r y s t a l l in e  

an th racen e computed a t  95*K and 290“ K u s in g  Kathur and S ingh m o le cu la r  o r b i t a l s  as b a s is  

in  th e  B lo ch  sum and a  s in g le  S la t e r  fu n c t io n  w ith 5 =  3 0 .7  nm1 . t o  r e p r e s e n t  th e  carbon  

a t o n ic  w a v e fu n ction .T h e  numbers w ith in  the a n gu lar  b r a c k e ts  r e f e r  t o  the number o f  the 

m o le cu la r  o r b i t a l  used  t o  c a lu la t e  the t r a n s fe r  in t e g r a l .

* u n it s :  1B-4  eV.
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The energy band structures o f excess electrons and holes along 

the three crystallographic axes, computed using the transfer integrals 

calculated, at 95°K and 290°K, with Hueckel coe ffic ien ts , are 

illustra ted  in figure (4 02) and figure (4»3)„ The general shapes of 

the valence and f ir s t  conduction bands calculated using Mathur -  Singh 

coe ffic ien ts  are sim ilar to those shown in figure (4»3) and figure (4 »4) 

and subsequently are not reproduced here» Figure (404) shows the energy 

bands, at 95°K, calculated using equation (4 03) i»e» without taking into 

account the e ffects  o f  band interactions» It is  easily seen from the 

diagram that there w ill be a considerable amount o f band mixingo The 

conduction bands resulting from band mixing are displayed in figure (4,5) 

and the resultant e ffe c t  is  that the two conduction bands are forced 

apart, each band imparting some o f  its  character onto the other0 The 

energy zero .fo r  these bands is arb itrarily  chosen as the energy o f the 

Hueckel molecular orbitals in the free molecule» The separation of 

the centroids o f the two conduction bands at k ■ 0 and with 

vibrational overlap factor ■ 1»0 is o f the order 0 o03 eV in both cases 

therefore thermal energy w ill be su ffic ien t to  excite electrons from one 

band to the other and so increasing the range of allowed E(k) values 

for the wave vector k 0 The energy band structure o f the second and 

third conduction bands calculated at 95°K using Mathur and Singh 

coe ffic ien ts  is  shown in figure (4»6)» The band at 290°K. is very 

sim ilar to the 95°K band» A comparison o f figure (4 05) and figure (4 06) 

illu stra tes  the large differences between the second conduction bands»

The general shapes o f  the second and th ird  conduction bands w i l l  be 

d iscussed  in  more d e ta il  la te r  in  connection w ith  the H all e f f e c t »

The energy band widths for the valence and f i r s t  conduction 

bands at 95°K and 290°K for Hueckel molecular orbitals and Mathui-Singh 

molecular orbitals are given in tables (4»7)» The values are calculated
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Figure (4.3)

Energy band atructure of excess *ioles (a) and electron- Ck' 

r.n crystalline anthracene at 9S°K. Conputed using llnorl-«.!

molecular orbitals as basis in the Bloch sun.
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Figure (4.5)

The energy band structures of the second and third conduction hnn<!<? 
in crystalline anthracene after taking into account energy hand nixine. 
The basis set used in the Bloch sun are the Hueckel molecular orbit.il«; 
for the second and third lowest unoccupied states in the f r e e  m lecule .
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I
VfO'
I

H ole 1 s t  Cond • 2 nd Cond. 3rd Cond.

I I I I I I I I I I I I I I I I I I

E (k // a* )
+ 1 . 8 0 0 .2 9 4 .5 2 5 .5 0 4 .6 7 1 6 . 7 8 0 . 2 8 6 . 2 1 0 .5 4

0 .8 4

9 .7 2

5 .8 5- 1 . 7 0 0 .3 5 3 . 6 2 5 .5 0 4 .6 5 1 6 .7 7 1 .1 7 9 .3 5

E (k / /b " f)
+ 3 . 8 0 1 . 1 6 1 2 . 5 2 3 .9 0 3 .8 4 1 0 . 1 0 1 .72 8.51 0 . 9 6 7 . 1 2

3 . 2 6- 0 . 3 0 1 . 8 0 4 .3 3 7 . 8 0 5 .4 8 2 3 . 4 4 2 . 6 2 1 1 .65 0 . 6 6

E (k / /  c~* )
+ 1 . 8 0 2 .4 7 7 .9 4 0 . 1 0 0 .3 6 0 . 9 4 0 . 1 3 1 . 6 1

3 .4 6

1 . 7 6  

1 . 6 6

3 .9 8

- 1 . 9 0 2 . 6 5 9 .0 4 0 . 0 1 0 .2 9 0 .4 6 0 . 4 3 O. 7 8

c 7 .3 0 4 .4 8 2 5 . 1 2 1 1 . 0 6 9 . 9 6 3 2 . 1 6 0 .3 3 12 .90 3 .7 3 0 . 6 6

T a b le (4 .7 )

Energy bandw idths* and s p l i t t i n g  a t  k  = c/*» In c r y s t a l l i n e  a n th r a c e n e ,fo r  v ib r a t io n a l  

o v e r la p  u n i t y ,a t  95 K (a ) and 2 9 0  K (b ) .

I  C a lcu la te d  u s in g  H ueckel c o e f f i c i e n t s  and = 3 0 .7  nm '.

I I  C a lcu la te d  u s in g  Mathur and S ingh c o e f f i c i e n t s  and “£ = 3 0 .7  nm*.

I I I  C a lcu la te d  u s in g  H ueckel c o e f f i c i e n t s  and “S = 2 4 .6  nm1.



H ole 1 s t  Cond • 2nd Cond. 3rd Cond.

I I I I I I I I I I I I I I I I I I

+
E (k II a " )

1 .20 0 .3 9 2 .6 6 4 .60 3 . 8 1 15 .17 0 .7 3 5 .3 2 0 .3 7 6 .4 3

- 1 .10 o.4i 1 .92 4 .6 0 3 .7 9 1 5 . 1 2 c - . CO 6 .0 3 0 . 4 9 4 .9 3

E (k II b " )
3 .3 0 1 .3 7 1 1 . 0 5 2 .8 0 2 .5 6 8 .6 8 2 . 2 8 7 . 8 8 1 .1 7 3 .9 4

- 1 .2 0 2 .1 5 6 .4 7 6 .4 0 5 .0 4 to ■. 1 . 7 3 8 .5 9 1 . 0 5 2 .4 4

E(k H e 1 ) +
1 .50 2 . 0 6 6 .8 5 - 0 . 1 9 0 .3 5 0 . 5 2 1 .0 4 2 .2 4 3 .3 0

- 1 . 6 0 2 . 1 0 7 .8 3 - 0 . 1 9 0 .0 4 0 . 3 8 2 . 9 8 1 . 3 4 0 .8 0

c
s p l i t t i n g

5 .3 0 3 . 8 8 1 9 . 2 6 0 . 9 2 7 .7 9 2 9 .9 7 0 . 4 0 1 . 2 3 3 . 7 0 1 . 0 0

(b )

T a b le (4 .7 )

Energy bandw idths* and s p l i t t i n g  a t  k  = c / n  in  c r y s t a l l i n e  a n th ra ce n e , f o r  v ib r a t i o n a l  

o v e r la p  u n i t y ,a t  95**K(a) and 290° K (b ) .

I  C a lcu la te d  u s in g  H ueckel c o e f f i c i e n t s  and = 3 0 .7  nm*.

I I  C a lcu la te d  u s in g  Mathur and S ingh c o e f f i c i e n t s  an d "*3 = 3 0 .7  nm*'.

I I I  C a lcu la te d  u s in g  H ueckel c o e f f i c i e n t s  and T> = 2 4 .6  nrix* .
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on the assumption that the vibrational overlap factor is unity,

Jortner et al (74) have estimated that the vibrational overlap factor 

reduces the bsnd widths by i  to I  and in addition Olaes.r and Berry (U)  

have shown that polarization o f the crystal by the excess carriers 

further reduces the band width by | . The actual band widths w ill 

therefore be approximately 1/10 those listed  in the tables, i . e ,

0.005 eV U  -  30.7 nm *), 0.01 eV (c • 20.5 nm"1) in reasonable 

agreement with the value 0.006 as determined by Delacote and Schott (22). 

The energy band widths o f  the second and third conduction bands are 
given in table (3 .7 ).

I t  is  interesting to note that the bandwidth, in the c ’ 

direction  , o f the second conduction band is several orders of 

magnitude larger than for the f ir s t  ( c f .  figures ( 4.5) and 

figure (4 .3 )) indicating that electrons in this band can have an 

appreciable m obility in this d irection .

4.5 M obility tensor 

4 .5 ( i )  General

The components o f the mobility tensor for  the hole and fir s t  

conduction bands have been calculated using the methods o f Chapter ( 3) .

The component o f the mobility tensor along the b axis, without the

prem ultiplicative factors e T0 and e \
k^T  koT * C0InPUted at 95°K and

290°K using Hueckel coe ffic ien ts  and the normal (v -  30,7 nn,-' s la ter  

screening parameters, together with the ratios of the non-zero elements 

o f the tensor to this are given in table (4 .8 ). Due to the larger values 

o f the band widths and smaller value of k0T , the m obility ratios at 

95°K show a stronger dependence on vibrational overlap fa ctor . With 

the exception o f the electron m obility in the c* d irection , the 

calculated room temperature «a b ility  r a t io ,, computed uai„r, vibrational
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E le c t r o n H ole

V i b r a t i o n a l
O v e r la p

0 . 1 0 .5 1 . 0 0 . 1 0 .5 1 . 0

< vbvb>* 1.571 19 .209 4 3 . 6 3 5 0 . 7 9 1 12 .135  :2 7 .2 1 4

< v b v b / v ( k ) >♦ * 0 .6 3 5 2 .0 6 4 3 . 0 4 5 0 . 3 6 1 1.391 1 .7 7 3

^aa 1 .8 79 2 .7 3 8 3 . 2 6 8 0 .9 3 5 1 .1 93 1 .6 7 3

^bb (1 .6 7 0 ) (2 . 2 0 0 ) (2 . 3 5 9 ) (0 .9 3 4 ) (1 .1 4 8 ) (1 .5 4 2 )

^cc - 0 . 0 0 1 0 . 0 0 2 0 .5 5 0 0 .8 4 7 1 . 5 2 6

•Sb ( 0 . 0 0 1 ) (0 . 0 0 3 ) ( 0 . 0 0 7 ) (0 .5 3 1 ) ( 0 . 7 8 6 ) (1 .2 9 5 )

- 0 . 0 0 1 -0 .0 0 1 - 0 . 0 0 1 - 0 . 1 7 6 - 0 . 2 6 9 -0 .4 8 3

^bb - ( - 0 . 0 0 2 ) ( -0 .0 0 5 )

0
 

-=4- 
<M•O1 ( - 0 .3 4 7 ) ( - 0 .4 5 2 )

(a )

E le c t r o n H ole

V i b r a t i o n a l
O v e r la p

0 . 1 1 . 0 E xp . 0 . 1 1 . 0 E x p t .

< vbvb> * 1 . 4 0 9 81 .4 4 0 .7 9 4 6 4 .7 9 5

< v b v b / v ( k ) >♦ * 0 . 6 0 1 4 .2 1 8 0 .3 9 9 3 .5 82

jiaa 1 . 5 6 2 2 .1 6 9 1 .7 0 . 4 9 5 0 . 4 9 5 0 .5

(1 .4 9 3 ) (1 .9 9 1 ) ( 0 . 5 2 6 ) ( 0 . 5 0 8 )

^cc - - 0 .4 0 .3 7 3 0.391 0 .4

^bb - (0 .3 7 2 ) (0 .3 8 4 )

^ac - - - 0 . 1 0 8 - 0 . 1 1 2

^bb — —

(b)

( - 0 . 1 5 0 ) ( - 0 .1 5 2 )

T a b le (4 .8 )

Calculated mobility ratios o f  excess electrons and holes in 
crystalline anthracene computed In  the mean free time and 
free path(in parentheses) approximations at 9 5 °K (a )  and 290* K 

(b) using Hueckel coefficients and screening parameter^- 30.W .  
* units; 1»6 m*/sec*
«•♦units: 1»3  m / s e c .
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overlap factor, 0 .1 , are in good agreement with the experimental 

values o f  Kepler (11). However, the electron m obility ratio 

i .  too lo »  by a factor o f  the order 1000. E lectronic condnctlonb.long 

this axis w ill be discussed later in connection with conduction in 

higher energy bands.

4 .5 ( i i ) Electron mobility along the c* axis

The band width o f the f ir s t  conduction band along the c ’ axis

is  very small and gives rise to very low values for the electron

m obility in this direction . The m obility o f electrons under

consideration is  promoted by resonance interactions between molecules

whose centres are connected by the la tt ice  vectors 4  a + I  b + c and 
1 1  2 — 2 — — 
faS  *■ *2 £  + -* The symmetry o f the molecular wave functions is such

that these interactions nearly vanish when the molecules are at their

equilibrium position and i t  has been suggested that s ligh t displacements

from equilibrium, as in la tt ice  vibrations, would result in large

increases in these interactions. As stated in section (A), page (81),

the angular oscilla tion s o f the molecule at 290°K are approximately

3°, therefore, the resonance interactions have been calculated after

rotating the molecule at ( j  a , £  b , c) through t 2°. The results

indicate that, although there is an increase in the interaction, the

magnitude is  such that the calculated m obility ratios are s t i l l  far

too low.

An alternative p oss ib ility  is  that carrier migration occurs via 

in jection  of carriers into higher conduction bands o f su ffic ien t width 

to support conduction on an appreciable sca le . As can be seen from 

table (4 .7) the band width o f the second conduction band along the 

c* axis is  several orders o f magnitude larger than that o f the f i r s t  

conduction band and this should result in a re la tive ly  high value 

for  the m obility in this d irection . The calculated m obility ratios 

o f  excess electrons in the second and third conduction bands are
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given in table (4*9) from which i t  can be seen that the mobility o f

excess electrons along the c ' axis is indeed much higher. To

calculate the overall mobility ratios the relative number o f carriers

within each band is  needed but this is unknown. However* ?fiZ of the

free electrons in the second conduction band would be su ffic ien t to

give the observed mobility ratio . Such a figure would give a value 
. V

to the ratio  _aa o f the order 1.4 which is  s t i l l  in reasonable 

agreement with experiment.

The e ffe ct  o f in jecting electrons into higher conduction bands 

on the hole mobility ratios is  rather complicated since i t  depends 

upon whether the electrons are in jected from the f i r s t  conduction band, 

in which case excess holes are created in the f i r s t  conduction band, 

or in jected d irectly  from the valence band into the second conduction 

band. Generation o f holes within the f ir s t  conduction band by 

in jection  o f electrons into higher conduction bands under the influence 

o f  an applied voltage has been suggested by Pope et al (9, 103).

This e ffe c t  should be particularly important in conduction along the 

c '  axis since, due to the extreme narrowness o f  the energy band, 

acceleration o f excess electrons under the influence o f an applied 

f ie ld  is  practica lly  impossible unless electrons are injected into a 

higher conduction band, the nearest o f which is  separated by about 2 eV. 

Direct in jection  of electrons into high energy conduction bands is 

known to occur via exiton -e^ton  and photon-photon annihilation 

processes (9, 106, 107). Under the conditions of Kepler’ s experiment

the majority o f  carriers were generated by exiton-surface processes,

however, ew.ton~e/iton and photon-photon e ffects  may have been present

to a lesser extento The e ffe c t  o f including these mechanisms o f

carrier production on the hole mobility ratios would be to increase «I u • •
0 .3 , for screening parameter ç -  30.7 nm**1 ,£ £ - O o 6 and Mc' c

u

*bb

^bb
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2nd Cond. 3rd Cond.

V i t r â t io n a l  
O verla p

0.1 0 .5 1 .0 0 .1 0 .5 1 .0

<vbvb>* 0 .5 5 0 13 .942 5 4 . 9 2 8 1 .1 79 3 0 . 6 2 6 127 .83

< v b v b /v (k )> * *  0 . 3 2 6 1 . 6 9 0 3 . 3 9 0 0 . 5 2 6 2 .7 3 9 5 .7 0 7

**aa 1.141 1 .005 0 . 9 3 7 0 .3 1 8 0 .2 8 7 0 .2 5 5

^bb (0 .7 4 1 ) (0 .6 4 5 ) ( 0 . 6 0 0 ) (0 .3 5 6 ) (0 .3 1 4 ) (0 . 2 8 0 )

^cc 2.491 2 . 1 7 1 2 . 0 3 0 0 .4 4 9 0 .4 8 4 0 .5 0 8

^bb ( 1 . 1 1 6 ) (0 .9 7 8 ) (0 . 9 2 3 ) (0 .3 8 4 ) (0 .4 0 0 ) (0 .4 1 0 )

^ac - 0 . 6 9 6 - 0 . 6 1 9 - 0 . 5 9 4 - 0 . 1 3 0 -0 .1 3 9 -0 .1 4 5

hsb ( - 0 .3 9 4 ) ( -0 .3 5 7 ) ( -0 .3 4 8 ) ( -0 .1 3 9 ) ( -0 .1 4 1 ) ( -0 .1 3 9 )

2nd Cond
( a

•
)

3rd Cond •

V ib r a t i o n a l
O v e r la p

0 . 1 0 .5 1 . 0 0 . 1 0 .5 1 . 0

< v b v b > * 0 .5 7 6 14 .234 5 8 .91 9 0 .8 5 7 2 1 .275 9 3 .9 7 5

< v b v b /v ( k ) > 1** 0.341 1 .725 3 .8 3 4 0 .4 6 8 2 .3 2 4 4 .8 3 0

^aa 0 .7 2 4 0 .6 8 2 0 . 6 0 2 0 .1 9 7 0 . 2 0 2 0 . 1 7 6

( 0 . 5 6 1 ) (0 .5 1 9 ) (0 .4 3 4 ) (0 .2 0 3 ) (0 . 2 0 7 ) (0 .1 9 5 )

^cc 2 . 2 5 6 2 . 0 9 2 1 . 8 1 8 0 .5 3 9 0 .5 7 4 0 . 4 9 6

^bb (1 .1 0 9 ) (1 .0 2 3 ) ( 0 . 8 3 6 ) (0 .4 2 4 ) (0 .4 4 3 ) (0 .4 2 4 )

^ac - 0 . 5 8 8 -0 .5 4 6 - 0 . 4 7 0 - 0 . 1 3 0 -0 .1 3 7 - 0 . 1 2 2

^bb ( -0 .3 5 6 ) ( -0 .3 3 8 ) ( -0 .2 7 5 ) ( - 0 . 1 2 0 ) ( -0 .1 2 4 ) ( - 0 . 1 2 2 )

( b )

T a b le (4 .9 )

Calculated mobility ratios of excess electrons In th., , curons m the second and
third conduction bands In c^ sta lim e anthracene computed In the 
mean free time and free path(m parentheses) approximations at 
9 5  K (a) and 290 K (b) usln* Hueckel coefficients ^  30reen 
parameter1? = 3 0 .7  nm' . &

* units * 1 »6 m*/sec*
♦■»units: 1jo3 m/sec.
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which are in good agreement with experiment.

i l I XUÜ -----Comparison o f the results obtained using the
and normal (e -  30.7 oW l . )  Slater function . 

represent the 2pz atomic wave functions.

The elements o f the m obility tensor, calculated in the mean free 

time and free path approximations, without the prem ultiplicative factors

8nd ’  a l°n8 the -  '  °XÍa “ d ratios o£ “ >e non-zero elements
o f the tensor to this are given in table (4 .10 ). Because of the

re la tiv e ly  large band widths (- 5 k„T for  vibrational overlap unity) 

obtained using the modified screening parameter, the mobility ratios 

show a much stronger dependence on the vibrational overlap factor than 

the same calculated using the normal Slater function. For a vibrational 

overlap factor 0.1 the mobility ratios o f the excess hole and f i r s t  

conduction band show fa ir  agreement with experiment. However, as with 

the normal Slater function the calculated mobility along the c ’ axis 

is  too low by a factor o f about 1000. For h ig ier values of the 

vibrational overlap factor a ll the mobility ratios progressively 

increase so lessening the agreement with experiment.

As was discussed in the previous section , to explain the 

re la tiv e ly  large m obility along the c ’ axis, e lectron ic conduction 

in higher energy bands must be assumed. The percentage of the total 

nunfeer o f electrons which would need to be in the second conduction 

band to give the required mobility ratio is considerably higher than 

needed using the normal screening parameter (- SOX as compared to 20X) . 

However, the resulting values o f the mobility ratios and V c ’
JJL .

o f  1.87 and 0.45 are in good agreerent with the experimental value, o f

1.7 and 0.4  (11). The e ffects  on the hole m obility ratios would again 

be to bring them more in line with experiment.



Hole 1st Cond.

V ib r a t io n a l 0 . 1 0 . 5  1 . 0 0 . 1 0 . 5 1 . 0
O verla p

<vbvb>* 1 0 . 2 2 2 1 8 6 . 9 6 0  5 0 1 . 3 6 0 1 3 . 8 1 8 1 5 0 . 7 1 0  2 9 9 . 1 3 0

< v b v b /v (k )> * * 1 .3 94 5 . 8 6 8  9 .2 3 7 1 . 8 0 9 5 . 2 9 2 7 .0 2 4

0 .3 8 5 0 . 3 8 7  0 .4 2 4 1 . 6 1 6 2 . 6 0 9 3 . 6 5 6! I (0 .4 1 0 ) (0 .3 9 8 )  (0 .4 3 7 ) (1 .5 7 6 ) (2 . 3 5 3 ) (2 .9 2 5 )

^cc
0 .6 4 7 0 . 7 0 9  0 . 8 1 6 0 . 0 0 1 0 . 0 0 3 0 . 0 0 7

ubb (0 .5 8 1 ) (0 . 6 1 1 ) (0 . 7 1 8 ) ( 0 . 0 0 2 ) (0 .0 0 9 ) ( 0 . 0 2 2 )

^ac
-0 .1 8 4 - 0 . 1 9 3  - 0 . 2 0 5 - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 0 1

^bb
( - 0 . 1 9 0 ) ( - 0 . 1 9 7 ) ( - 0 . 2 1 6 ) 

2nd Cond.

( - 0 . 0 0 1  ) ( - 0 . 0 0 1  ) ( 

3rd  Cond.

- 0 . 0 0 1 )

V ib r a t io n a l 0 . 1 0 . 5  1 . 0 0 . 1 0 . 5 1 . 0
O v e r la p

<vbvb>* 19 .905 448 .790  891 .3 40 4 4 .0 1 8 6 6 6 . 6 9 0  1 8 9 0 . 6 0 0

< v b v b /v ( k ) >** 1 . 9 0 8 8 . 6 6 9  9 . 9^8 2 . 9 1 6 1 0 . 8 5 6 1 5 . 7 6 6

^aa
2 .1 2 4 1 .342  1 . 5 2 1 0 . 9 6 7 1 . 0 2 9 1.841

^bb (1 .5 5 5 ) (1 .1 3 1 )  (1 .3 1 1 ) (0 .8 5 3 ) (0 .8 8 4 ) (1 .6 4 8 )

^cc 0 .9 2 9 1 .1 89  2 .1 8 5 0 . 2 0 7 0.341 o . 4 6 o

^bb (0 .5 5 9 ) (0 .8 4 5 )  (1 .5 7 7 ) ( 0 . 2 2 6 ) (0 .3 4 1 ) (0 .4 4 0 )

^ac -0 .2 3 9 - 0 . 3 1 9  -0 .5 3 9 -0 .0 4 6 - 0 . 0 7 5 - 0 . 0 8 9

^bb
( - 0 . 2 1 9 ) ( - 0 . 3 1 2 ) ( - 0 . 5 0 3 ) ( - 0 . 0 7 9 ) ( - 0 . 1 1 3 ) 

T a b le (4 .1 0 )

( -0 .1 3 5 )

Calculated mobility ratios o f excess electrons and holes in 
crystalline anthracene computed in the mean free time and 
free path(in parentheses) approximations at 2 9 0 ° K  using 
Hueckel coefficients and screening parameter ■? = zh .6  nm1.
* u n it s  1 » 6  ni*/se(T .

♦ ♦ u n its  1»3  nV 'sec.
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4 .5 (iv ) Comparison of the results obtained using Hueckel and 
Mathur -  Singh molecular orb ita ls.

I t  has been shown in section (5 , i )  that, using Hueckel molecular 

orbita ls and a single Slater function with screening parameter 

5 -  30.7 nm"1. ,  mobility ratios in good agreement with those obtained 

experimentally are obtained. In order to test the molecular orbitals 

o f  Mathur and Singh, the calculations have been repeated using the 

transfer integrals computed using Mathur -  Singh co e ffic ie n ts . The 

results fo r  the valence and f i r s t  conduction bands are given in table 

(4. 11) and the same for the second and third conduction bands, including 

the e ffe cts  o f band mixing, are given in table (4 .12),

I f  e lectron ic conduction is  considered to occur in the lowest

conduction band only, then contrary to expectation, the use of the

revised molecular orb ita l coe ffic ien ts  leads to a lower degree of

agreement between theory and experiment. Inclusion of the second and

third conduction bands in the transport scheme again results in

considerable improvement in the overall values o f  the mobility

ra tios , however, to .give an overall value fo r  wc ' c f fo r  excess
b̂b

electrons o f  0 .4 , conduction would have to occur predominantly in the 

third conduction band which seems rather improbable.

4 .5 (v) Temperature dependence

The temperature dependence o f  the m obility arises as a consequence

o f t

(a)

(b)

(c )

the temperature dependence o f  the relaxation time

changes in the transfer integrals arising from changes within the

unit c e ll

changes in the distribution o f  carriers within the energy bands.

For vibrational overlap factor 0.1 the energy band widths o f both 

electrons and holes at both temperatures are less than kgT leading to



H ole E le c tr o n

V ib r a t io n a l
O v erla p

0.1 0 .5 1 . 0 0 . 1 0 .5 1 . 0

<vbvb>* 0 .3 4 4 6 . 8 2 2 1 9 . 9 0 6 1 .1 5 9 1 8 .3 0 9 47.101

< v b v b /v (k )> * * 0 . 2 1 1 0 .9 2 4 1 .5 3 2 0 .5 3 8 1 .9 6 9 2.931

âa 0 .4 3 3 0 .4 8 3 0 . 5 8 8 1 .99 5 2 . 4 3 7 2 . 6 5 6

(0 .4 3 9 ) (0 .4 8 7 ) (0 .5 9 2 ) (1 .6 5 3 ) (1 .9 5 5 ) ( 2 . 0 8 6 )

ĉc 2 .3 1 5 2 .5 0 9 2 . 9 0 7 0 . 0 1  3 0 .0 2 7 0 .0 5 2

^bb (1 .651 ) (1 .7 2 6 ) (1 .9 1 9 ) ( 0 . 0 1  6 ) (0 .0 3 9 ) ( 0 . 0 8 1  )

âc
- 0 . 6 2 1 -O .6 8 1 - 0 . 8 0 3 - 0 . 0 1 2 - 0 . 0 1  9 - 0 . 0 3 0

^bb ( - 0 .5 2 2 ) ( - 0 .5 5 4 ) ( - 0 . 6 3 0 ) ( -0 .0 1  4) ( - 0 . 0 2 6 ) ( - o . o45)

H ole
(a.)

E le c tr o n

V ib r a t io n a l
O v e r la p

0 . 1 0 .5 1 . 0 0 . 1 0 .5 1 . 0

<^vbvb>* 0 .4 1 2 9 .9 10 37 .492 0 .9 3 3 1 9 . 6 7 0 6 2 . 0 8 3

< v b v b /v (k )>** 0 . 2 6 2 1 .2 9 3 2.531 0 .4 8 3 2 .1 5 9 3 .7 07

âa
0 . 1 8 6 0 . 1 8 1 0 .1 7 7 1 .7 0 3 1 .8 9 7 2 . 1  80

^bb (0 .1 9 5 ) (0 .1 8 9 ) (0 .1 8 3 ) (1 .5 3 9 ) ( 1 . 6 9 2 ) (1 . 8 9 8 )

ĉc
1 .3 4 2 1 .3 0 9 1 .271 0 .0 0 5 o . o ”  6 o . o ' '8

^bb (1 . 0 2 6 ) (0 .9 9 0 ) (0 .9 5 0 ) (0 .0 0 7 ) G • C C V
O ( 0 . 0 1  3 )

âc
-O . 3 2 6 - 0 . 3 1 7 -O . 3 0 8 - 0 . 0 0 6 - 0 . 0 0 7 - 0 . 0  8

b̂b
( - 0 . 2 8 1  K -O . 2 7 1  )( - O .2 6 0 ) ( - 0 . 0 0 8 ) ( 1 c . 0 c V

O > 0 . 0 1 1  )

0 >)

T a b le ( 4 . 1 1 )

Calculated mobility ratios o f  excess electrons and holes in 
c r y s t a l l i n e  anthracene computed m  the mean f r e e  time and 
f r e e  pathfin parentheses) approximations at 95*K (a )  and 29o*K 

(b) using Mathur-Singh coefficients and screening parameter,
= 30.7 nra . 3

*  u n i t s :  1 »6  m V sec* '.

♦ • »u n its : 1 jo 3 m /s e c .
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2nd Cond. 3rd Cond.

V ib r a t io n a l
O verlap

0.1 0 .5 1 . 0 0 . 1 0 .5 1 . 0

<vbvb>* 9 .5 46 22 9 . 3 0 0 172.380 2 . 8 2 6 7 7 .5 0 6 6 1 .400

< v b v b /v (k )> * *  1 .380 6 .9 3 8 9 .3 7 8 0 . 5 0 9 3 .0 67 2 . 5 5 1

^aa 1 .150 Î .O 6 7 0 .0 1 4 3 . 9 0 1 3 .2 4 9 1 . 3 5 0

^bb ( 1 . 0 0 7 ) (0 .9 1 2 ) ( 0 .Ü 1 3 ) ( 2 . 9 9 2 ) (2 .5 5 5 ) (1 .2 8 9 )

^cc 0 .2 4 9 0 .2 10 0 . 0 1 0 1 . 0 3 8 0 .9 9 5 2.201

( 0 . 2 0 2 ) ( 0 . 1 6 6 ) ( 0 . 0 1 0 ) ( 0 . 6 5 6 ) (0 .6 4 9 ) (1 .7 0 4 )

^ac - 0 . 0 2 8 - 0 . 0 1 8 - 0 . 0 0 2 -0 .1 4 8 - 0 . 1 6 1 -0 .4 6 2

( - 0 .0 5 5 ) ( - 0 .0 4 0 ) (-Ü .Ü 0 3 ) ( - Ü . 3 0 1 ) ( - 0 .2 1 0 ) ( - 0 .5 2 9 )

(a• )

2nd Cond. 3rd Cond.

V ib r a t io n a l
O verlap

0 . 1 0 .5 1 .0 0 . 1 0 .5 1 .0

<vbvb>* 14.211 247 .180 281 .860 6 . 8 9 6 2 0 5 . 1 1 0 41 .172

< v b v b /v (k )> H** 1 .679 7 .280 1 1 . 0 7 8 0 . 9 3 0 4 .7 9 8 2 .1 9 3

^aa 1 .295 1 . 1 6 0 0 .1 0 4 2 . 8 0 3 1 . 8 8 1 1 .3 44

^bb (1 .0 9 2 ) (0 .8 9 8 ) ( 0 . 1 0 9 ) (2 .3 1 5 ) (1 .7 0 7 ) (1 .211  )

^cc 0 .1 9 6 0 .1 2 7 0 .0 1 2 0 . 6 7 5 0 .9 3 8 2 .7 3 4

ubb (0 .1 5 4 ) (0 .0 9 8 ) (0 .1 4 8 ) (0 .4 7 3 ) (0 .7 7 6 ) (1 .8 5 8 )

^ac - 0 .Ü1 7 - 0 . 0 0 7 -0 .0 0 1 - 0 . 0 9 8 -0 .2 1 3 -O . 5 3 6

^ b 1 c . c -tr ro ( - 0 .0 2 7 ) ( - 0 . 0 0 3 ) ( - 0 .1 5 4 ) ( - 0 .3 2 4 ) ( - 0 . 5 5 2 )

(b )

T a b le ( 4 .1 2 )

C a lcu la te d  m o b i l i t y  r a t i o s  o f  e x c e s s  e le c t r o n s  in  th e  secon d  and 

t h ir d  c o n d u c t io n  bands in  c r y s t a l l i n e  an th racen e computed in  the 

mean f r e e  tim e and f r e e  p a th (ln  p a re n th e se s ) a p p rox im a tion s  a t  

9 5  K ( a )  and 290 K ( b )  u s in g  M athur-Singh c o e f f i c i e n t s  and 

s c r e e n in g  p a ra m eter 's  = 3 0 . 7  

*  u n it s  : 1 »6  m ^/sec" .

* * u n i t s :  1 k>3 m /s e c .
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an even distribution o f carriers through the bands hence by using 

this value e ffe c t  (c) can be eliminated. As previously stated in 

section  (A»4) the unit c e ll  constants show no discontinuous changes 

with temperature and i t  therefore seems reasonable to suppose that 

e f fe c t  (b) leads to a temperature dependence o f the type T*"n .

Assuming for  the moment that t is constant over the temperature 

range 95°K to 290°K then for an excess electron in the f ir s t  

conduction band the contribution to the tota l temperature dependence 

o f  e f fe c t  (b) is  o f the order T” 1*1 fo r  excess electrons in the ab 

plane»

Simplified calculations by Friedman (70), assuming acoustic 

phonon scattering, led to a temperature dependence for tq o f the 

type T~1,0 . Thus the predicted tota l temperature dependence should 

be approximately T-2 **» A sim ilar analysis using the elements o f 

the m obility tensor for  vibrational overlap factor unity lead to a 

temperature dependence in the _ab plane o f the type T“ 1»8 . The 

la tte r  value is  in fa ir  agreement with the observed value o f 

Kepler (11) o f T“ 1»5 .

Using similar arguments i t  can be shown that for excess holes

e ffe c t  (b) is  highly anisotropic leading to tota l temperature

dependence along the £  £  and _£* axes o f T” 2*5 , T" 2«0 and

T” 2»3 , respectively, for vibrational overlap factor 0 .1 , and T“ 2« 3 ,

X“ 1.2 and for vibrational overlap factor unity. The

predicted temperature dependence fo r  hole conduction along the c ’

axis is  within the extremes o f the reported values of T“ 1«1* to

TT2» 3 (14, 15, 16), however, Kepler (11) noted no observable

anisotropy in the .ab plane. I t  is  interesting to note that the

anisotropy o f the temperature dependence reflects  the anisotropy of

the thermal comparison coe ffic ien ts , a , v iz . o > a , > c l .& c I>
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Similar trends are observed for the temperature variation computed 

using screening parameter ç • 24,6 nm 1 where the respective 

dependences along the â _b and c* axes are !

T“2*1* , T~1,e and T“ 2» 1 , for  vibrational overlap factor 0 .1 , 

and T"2» 1 » T“ 0*6 and T“ 2*1 fo r  vibrational overlap factor unity»

For values calculated using the Mathur-Singh coeffic ien ts  the 

predicted temperature dependences o f both electrons and holes in the ab 

plane are sim ilar to the values quoted above. However, fo r  hole 

conduction along the jc* axis the value - T-1* is  much higher than 

observed experimentally.

In the foregoing discussion the electron ic conduction along 

the <c* axis and the role o f higher conduction bands in determining the 

temperature dependence has been omitted. The predicted temperature 

dependence o f the mobility along the c ' axis fo r  the f i r s t  conduction 

band is  o f  the order T~3 whereas fo r  the second and third conduction 

bands xt xs o f  the type T 2 » however, due to the relatively  large 

band widths along the _c' axis coupled with the close proximity of 

the two energy bands one would expect e ffe c t  (a) to be o f greater 

importance in the higher energy bands. Since, in general, e ffe c t  (c) 

leads to a lowering of the overall temperature dependence this may be 

s u ffic ie n t  to reverse the sign o f  the temperature dependence fo r  

carriers in these bands.

4 .5 (v i)  Hall e ffe c t

The ratio o f  the Hall to d r ift  mobility has been calculated in 

the manner outlined by Le Blanc (100).

Consider a one carrier zero transverse current Hall experiment 

in  which the current Hall fi'ald and magnetic f ie ld  vectors are 

para lle l to the orthogonal axes _a, t> and c* respectively. Let 

the energy o f the carrier o f wave vector k be E(k) , its  group
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ve loc ity  v(Jc) and inverse e ffectiv e  mass M- 1(k) and assume that 

scattering can be accounted for with a relaxation time function x(k)« 

I t  can be shown that, for Boltzmann s ta t is t ic s , the ratio o f Hall to 

d r ift  m obilities along a is  a function only o f the direction o f 

application, o f the applied magnetic f ie ld , B .

H/y /jij,
k0T « x 2(va2 -  2vavb M ^-l ♦ vb2 M -1

aa >> (4 olO)
B <<T V 2>> <<T V, 2>>

The angular brackets indicate a s t a t is t ic a l  average over the 

Boltzmann d istribu tion  in k space«

For sim plicity an abbreviated form of the anthracene band 

structure is  considered which retains only those terms corresponding 

to intem olecular interactions between neighbours in the ab plane«

Thus

E+(k) -  2E3 ± 4E9 co s (i  ko a) cos(J kola) ,

where the synbols have their usual meanings«

Assuming the mean free time approximation to be valid then for 

k0T > band width the above ratio  reduces to

, '  - ? k0T * V )  (4.11)B 11 _C

from which i t  can be seen that the sign o f the Hall e f fe c t  is 

determined by the sign of the resonance integral between the molecule 

at the origin  and that at position (0, b_, 0 ) . A more general 

calculation has been done by Hermann (104). His theoretical argument 

assumes the energy E(jc) to be a cosine function o f k and for the 

extreme case o f u «  k0T the ratio becomes -2.15 k0T/band width

which again predicts an anomalous Hall e ffe c t  for narrow bands«



The ratios o f the Hall to d r ift  m obilities calculated using 

equation (4.10) are listed  in table (4 .13). The agreement between 

theory and experiment for both sets o f  molecular orbitals with 

5 - 3 0 . 7  nm" 1 is good, however, the values calculated with the 

modified screening parameter are rather low. Le Blanc (100) has 

shown that the ratio y /yD for  b) |j  x b is relatively  insensitive 

to the band assymetry ( i . e .  the ratio E /̂E  ̂ but is  very sensitive 

to the band widths. I t  therefore appears that the band widths 

calculated using the modified Slater function and S.C.F. atomic 

functions are too high, indicating that these wave functions over 

estimate the true wave function at large distances.

Because o f the e ffe cts  o f band mixing i t  is not possible to 

determine the values of the Hall to d r ift  m obilities by equation (4,11) 

in  the higher bands. However, the energy bands along the a axis, 

figure (4 .5 ), show either an increase in the second conduction band 

or a s lig h t decrease in the third conduction band with increasing k.

The bands along the £  axis show a very sharp decrease with increasing 

k indicating that Eg is  positive and E3 more strongly negative, 

thus giving rise to an anomalous Hall e ffe c t  in these bands. In jection  

o f  electrons into the second and third conduction bands w ill not alter 

the sign o f the Hall e ffe c t , but i f  the electrons are in jected from 

the f i r s t  conduction band in the manner described by Sano (103), 

leaving behind an excess hole, the magnitude and possible sign o f  the 

Hall e f fe c t  for excess holes w ill vary since holes in this band w ill 

have the opposite sign to those in the valence band. Such a change 

o f  sign has been observed for one o f the carriers in crystalline 

anthracene, however, the sign o f  the carrier could not be determined ( 99) ,  

The situation in the case o f electron bands calculated using the 

Mathur-Singh molecular orb ita ls, figure (4 .6 ), is  not quite so straight­

forward. Using arguments sim ilar to those above one comes to the



H ueckel = 3 0 .7  nm H ueckel -  2 4 .6 nm M-S = 3 0 . 7  nm I I I

Temp. V ib r a t io n a l E le c tr o n H ole E le c tr o n H ole E le c tr o n H ole H ole E le c tro n H ole
O verlap

0.1 2 . 1 8 - 6 .4 5 0.91 -1 .9 6 1 .6 3 -1 3 .9 4
95 K

1 .0 0 .2 2 - 0 .6 5 0 . 0 9 -0 .2 0 0 . l 6 -1 .3 9 - -

0 .1 9 .7 7 -2 4 .2 5 3 .1 2 -6 .9 7 1 0 .1 7 -3 9 .9 1
290 K

0 . 9 8 - 2 .4 3
- 2 5 + 1 0 13 .6 -3 5 .7

1 .0 0.31 -0 .7 0 1 .0 2 -3 -9 9

T a b le (4 .1 3 )

R a t io  o f  the H a ll to  D r i f t  m o b i l i t i e s  in  c r y s t a l l i n e  a n th ra cen e .

I  F igu re  taken  from  R e f ( 2 2 ) .

I I  F ig u re s  c a lc u la t e d  from  d a ta  in  R e f (9 9 )  assum ing th e  m o b i l i t y  o f  e x c e s s  e le c t r o n s  and h o le s  in  the ab 

p lane to  be 1 .4]o-4  m / v o l t - s e c (  11 ) and the s ig n  o f  the H a ll e f f e c t  to  be anom alous(2 2 ) .



110 -

conclusion that the magnitude o f the Hall e f fe c t  in the two hands is  

sim ilar but o f opposite sign» The separation o f  the energy bands, 

with vibrational overlap factor 0 .1 , is  o f the order k0T at room 

temperature therefore both bands w ill be populated giving rise to a 

low value of the Hall constant.

4.6 Conclusion

The energy band structure and carrier m obilities in crystalline 

anthracene have been calculated in the tight binding approximation in 

which the wave function for a crystal containing an excess electron or 

hole is  constructed using both Hueckel and Mathur -  Sin^a molecular 

orb ita ls  as a basis in constructing the Bloch sum. The wave functions 

constructed using Hueckel molecular orbitals give better agreement 

with experiment than their Mathur -  Singh counterparts, although both 

predict a mobility along the c ' axis several orders o f magnitude 

lower than observed experimentally. Inclusion o f higher energy bands 

in the transport mechanism can, under certain conditions, remove this 

apparent discrepancy.
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5 ol Introduction

The e le ctr ica l properties o f anthracene have been extensively 

studied both theoretically and experimentally and the molecule is now 

regarded as a test model for the investigation o f  semi conduction 

properties o f aromatic hydrocarbons. Phenanthrene, a structural isomer 

of anthracene, on the other hand has received considerably less attention 

experimentally and no theoretical calculations relating to the m obility 

o f excess carriers have been reported. I t  is  the object o f this chapter 

to investigate the electron ic properties o f phenanthrene and to determine 

whether any sim ilarities exist between the two structural isomers.

In the absence o f any conclusive data concerning the mechanism 

o f charge carrier transport, calculations have been carried out in both 

the localized and Bloch representations.

5 „2 Crystal and molecular wave functions-

Phenanthrene crystallizes in a monoclinic la tt ice , space group 

P2 , with two molecules per unit c e l l .  The two molecules within the 

unit c e l l  are related by a C screw along the £  axis, thus the 

elements o f the space group are the identity , E , and the two fold  

rotation c2^ e ^  P°in t group containing these operations is  C2 , 

therefore, using the methods given in Chapter (3 ), page (41), together 

with the character table o f  the point group C2 i t  is  easily  shown that 

there are two symmetry adapted crystal wave functions, n+(k) , 

corresponding to the symmetric and antisymmetric combinations o f  the 

two molecular wave functions in the unit ce ll

Q,(k) -  l  ( - 1) L exp(i k . r . )  4̂  (5 .1)

where L is 0 i f  the molecule j  is  related to the molecule at (0 , 0 , 0) 

by a d irect translation or 1 i f  the molecule is related by a screw axis
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followed by the required translations, are taken to be

antisymmetrized products o f  molecular wave functions in which one

molecule is  represented as either a positive or a negative ion and

the summation over j  runs over a ll molecules in the crysta l<> The

structure o f  the molecular wave function which includes the e ffects
3

o f  molecular vibrations, has been discussed in Chapter (3 ), section (2 ), 

page (44), and w ill not be discussed further here»

The wave functions o f  the positive or negative ion were obtained in 

the same manner as those o f naphthalene. However, in phenanthrene the 

second lcwest molecular orbital is  only separated from the lowest by 

0.7 eV, hence the probability o f electron ic conduction occurring in 

energy bands other than the f i r s t  w ill  be much higher than in either 

anthracene or naphthalene where the energy difference o f  the two 

molecular orbitals is  about 2 eV. Thus the excess electron is  assumed 

to occupy either the lowest or second lowest antibonding molecular 

orb ita l; giving rise  to two conduction bands, the centroids o f  which 

w il l  be separated by about 0.7 eV. The close proximity o f the two 

energy bands raises an additional problem which is  not encountered 

in  the instances o f  naphthalene and anthracene» The e ffe cts  o f  

coupling o f  the electrons with high frequency molecular vibrations is 

to s p l it  the energy bands into a series of vibrational sub bands 

corresponding to the different vibrational states o f  the molecular 

ion . These sub bands are separated by the vibrational quantum o f  the 

molecule which fo r  aromatic hydrocarbons is  o f  the order 0.2 eV, thus 

there exists the p oss ib ility  o f the third or fourth vibrational sub 

band o f  the lower energy band interacting with the zeroth vibrational 

component o f the higher energy hand0 The vibrational overlap integrals 

fo r  the phenanthrene molecular ions have not been evaluated, however, 

H ille r  and Murrell (131) have shown that use o f  a general Franck -  

Condon fa ctor , equivalent to the square o f  the zeroth vibrational
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overlap integral of the f ir s t  e lectron ic excited state o f naphthalene 

as calculated by Jortner and Rice (74), gives good agreement between 

theoretica lly  calculated and experimentally observed vibrational 

spectra o f a series o f aromatic hydrocarbons including phenanthrene.

In addition there is  very l i t t le  difference between the zeroth, 

f i r s t  and second vibrational overlap integrals for  the f ir s t  e lectron ic 

excited state o f anthracene and the corresponding integrals for 

naphthalene, thus i t  seems reasonable to assume that use o f the 

vibrational overlap integrals of the naphthalene ion in calculations 

on phenanthrene w ill lead to only a small error« The sum o f the 

squares o f the zeroth, f ir s t  and second vibrational overlap integrals 

fo r  the naphthalene ion is  0.990, therefore, since the integrals must 

obey the vibration sum rule s

l l< x ° lx ± ( n ) > l2 -  1.0  ,
n

the total sum o f the remaining 33 ((3n -  6) -  3) vibrations must be 

0.01 and hence the maximum value o f the vibrational overlap integral 

fo r  the third vibration state is 0 .01.

The transfer integrals for the third vibrational sub band w ill 

thus be - 5 jo-6  eV. and the interaction o f this band with the zeroth 

vibrational sub band o f the second conduction band w ill  be 

n eg lig ib le .

5 03 Energy band structure

The relationship between the two molecules in the unit c e l l ,  

together with some o f the shorter intem olecular distances, is  shown 

in figure (4 .1 ) .

Unlike anthracene neither o f the two molecules in the unit c e ll
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Figure (5.1)

Projection of the structure of Phenanthrene along tho 

b axis showing short interactions. Molecules I and II

are related by a screw of b/2 along tho b axis.
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is  at the origin and i f  the geometrical centre o f one molecule is 

denoted by (xq ji , yo t> , zq _c) then the vector connecting the origin  

to the centre o f  the remaining molecule is  (-x 0 _a , 1 + yo b, , -  z0 c) „

In band structure calculations i t  is convenient to set the origin of 

the system at the geometrical centre of one o f the molecules, thus the 

vector connecting the new centre to the remaining molecule in the 

unit c e ll  is  (“ 2xq .a , i , - 2 zq _c) . The energy dependence on wave

vector can then be written :

E*(k)

+

+

±

+

±

+

+

+

2E2 cos (k . _c) + 2E3 cos(lc . b) + 2E4 cos (k • (h + c))

2ES cos (k . (ç  -  b )) + 2E5 cos(k . ji) + 2E7 cos (k . (a + c) )

GOWCM cos (k . (a -  _c)) + 2Eg cos (k . (a + b )) + 2Ejo cos(k . (a “  10)

Ell (cos (k . ( - 2xo_a + ¿ /2  -  2zq_c))  + cos (Jk . ( - 2x0a -  b /2 - 2zgjc))

E12(cos (k . ( - 2x0_a + b /2 + (1 -  2z 0)<c) +

cos(k (-2xo_a -  b /2 + (1 - 2z0)c ) )

E13(cos (k . ( - 2xo_a + Js/2 -  (1 + 2zg)c) +

cos(k . ( - 2xg_a -  1b/2 -  (1 + 2z0)c ) )

ElU(cos (k . ((1 -  2x0)a + b /2 -  2z0jc) +

cos(k . ((1 -  x0)_a -  b /2 -  2z0_c) ))

E15(cos (k . ((1 -  2x0)a  + b /2 -  (1 + 2z0c))

COS ( k  . (( 1 -  2x0)a -  b /2 -  (1  + 2z0c))> ± E 16 (co s (k ((l-2 x 0)_a

+ b /2 + (1 -  2z0)j:)) + cos(k . ((1 -  2z0)ji -  b /2 + (1 -  2z0_c))).

(5.2)

The energy bands structure can be more readily visualized by considering 

the special cases where the wave vector, k , is  parallel to a 

reciprocal la tt ice  vector, . ' l ,  £ -1  or _ç-l . The relationship between 

energy and wave vector is then
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E'Oçl |ji *) “  2(E3 + E3 + Ei* + E5) + 2(Eg + E7 + Eg + Eg + E2o)cos(Iç » e)

± 2 (En + E22 + Ej 3) cos (le 0 2Xg_a)

± 2(E jit + E25 + Ei^)cos(k » (1 -  2xo)_a).

E’ (k| Jb“ 1) "  2 (Eg + Eg + E7 + Eg)+2(E3 + Ei, + E5 + Eg + E2o)cos(Jc 0 Js)

± 2(E21 + E 22 + Ei3 + Eu,- + Ei5 + E26)cos(k . b /2) »

E (̂k| |c-l) ■ 2 (E3 + Eê + Eg + E2q) +2(E2 + Ê  + E5 + E7 + Eg)cos(k « _c)

± 2(E21 + Ellf)cos(k  e 2z0iç ) 1 2 (E 12 + Eig)cos(k , (1 -  2zo).c)

± 2(E23 + E25) cos (Je o (1 + 2zq) c)

(5 .3 )

The transfer integrals, E. , were calculated using equation (3.15) and 

equation (3 o20) o f Chapter (3) with single Slater functions, 

characterized by the normal, ç » 30.7 nm“ 1, and modified, ç ■ 24,6 nm” 1, 

screening parameters to represent the carbon atomic wave functions. The 

molecular orb ita l coefficien ts were calculated in the Hueckel 

approximation without inclusion o f overlap and assuming a ll carbon atoms 

equivalent. The transfer integrals, for  vibrational overlap factor unity, 

together with the molecular overlap integrals (electron ic) are given 

in table (5 .1) and table (5.2) and the energy band structures, 

calculated using equation (5 .3 ), are illu stra ted  in figure (5 .2 ),

The energy band structure o f phenathrene is sim ilar to that o f 

anthracene showing considerable band sp litt in g  at Jc ■ 0 and 

degeneracy of the two components o f the energy band at Jc ■ it b“ 1.

However, since the phenanthrene crystal structure does not contain a 

a/2 glide plane, the energy bands are not degenerate at Jc « it a” 1 .

The energy band widths, calculated using the modified and normal 

S later screening parameters, together with the band sp littings at
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P o s i t i o n T ra n s fe r O verlap T ra n s fe r  O verlap T ra n s fe r O verlap

0 , 0 , 1 -5 .5 7 8 1 .1 o 4 4 .997 - 0 . 8 8 3 1 .1 92 0 . 6 0 3

0 , 1 , 0 1 1 3-972 -1 7 .6 1 3 -3 2 .3 9 9 7 -7 5 5 -3 0 .2 9 2 4 .9 4 4

0 , 1 , 1 -0 .1 4 8 0 .0 0 5 O.O I7 - 0 . 0 0 6 -O . 0 6 0 0 . 0 0 2

0 , - 1 , 1 0 .0 2 4 -O.OO8 - 0 . 0 1 8 0 . 0 0 6 - 0 . 0 2 2 O.O08

1 , 0 , 0 0 . 0 6 9 - 0 . 0  1 0 .0 7 4 - 0 . 0 0 3 O.O6I -O.OOI

1 , 0 , 1 0 .0 0 3 - 0 .0 0 1 - 0 . 0 0 3 o .o o i O. 0 8 7 -O . 0 2 9

1 , 1 , 0 - - - - 0 .0  3 -O.OOI

- 1 , 1 , 0 - - - «m - -

1 , 1 - - - - - -

0 , 0 - 2 3 . 8 9 9 4 . 7 2 5 93. 359 - I 7 .O 1 7 5 .24 7 - 1 5 . 5 1 7

0 , b 1 0 . 0 0 5 -0 .0 0 2 o .o o 4 - 0 .0 " 2 - 0 . 0 1  2 0 . 0  5

0, b -1 0 . 6 3 2 -0 .1  45 0 .3 5 2 -O . 0 8 5 - 3 . 1 1 7 0 . 6 9 4

1 , b 0 -2 5 .8 o4 5 .2 7 4 1 3 . 7 9 3 -1 .0 7 9 4 3 . 0 1 7 -8 .1 2 8

1 , - b -1 - - - - - -

1 , b 1 - 0 . 8 3 0 0 .1 7 9 0 .2 9 5 0 .0 5 7 -0 .0 5 4 0 .0 7 0

T a b le ( 5 . 1 )

T r a n s fe r *  and O verlap**  I n t e g r a ls  f o r  phenanthrene computed u s in g  

s i n g l e  S la t e r  fu n c t io n s  w ith  s c re e n in g  p a ra m e te r T »  3 0 . 7  .

*  u n it s  1m- 4 eV.

* *  u n it s  1 » -4 .
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P o s i t i o n T ra n s fe r O verlap T ra n s fe r  O verlap T ra n s fe r O verlap

0 ,  0 , 1 -2 3 .0 1 3 4 .2 9 2 1 4 . 3 6 9 -1 .4 9 1 - 9 . 8 9 0 0 .0 8 4

0 ,  1 , 0 3 3 8 .3 0 7 -5 4 .4 2 5 - 1 2 7 . 9 1 4 1 5 . 3 1 9 - 9 8 . 7 0 3 1 6 . 3 8 9

0 ,  1 , 1 - 0 . 2 8 0 O.O9 3 0 . 3 8 6 - 0 . 1 3 8 -O . 5 8 9 0 . 0 1 1

0 , - 1  , 1 O. 4 4 7 -0 .1 4 9 - 0 . 2 5 6 0 . 0 7 7 -0 .0 4 1 0 . 0 1 3

1 ,  0 , Ü 0 . 0 1 9 - 0 . 0 0 3 0 . 2 2 6 - ü . 0 9 0 0 .0 79 - 0 . 0 3 7

1 ,  0 , 1 0 . 1 0 0 -O . 0 3 8 - 0 . 0 9 0 0 . 0 3 3 I . 3 1 5 -0 .4 2 1

1 ,  1 , 0 - 0 . 0 3 9 0 . 0 1 9 - 0 . 0 1  6 0 . 0 0 5 0 . 1 1 7 - 0 . 0 7 4

- 1 , 1 , 0 - 0 . 0 1 0 - 0 . 0 0 1 - 0 . 0 2 2 - - -

1 , 1 , 1 0 .0 1 4 - 0 . 0 0 6 - 0 . 0 0 6 0 . 0 0 3 0 .0 0 3 - 0 . 0 0 1

o ,  i , 0 - 1 2 8 . 9 6 7 - 2 8 . 3 4 0 3 5 8 . 1 0 1 6 2 . 8 5 2 3 1 5 . 1 6 5 - 5 1 . 5 2 7

0 , 1 0 . 1 2 5 0 . 0 4 7 0 . 0 9 1 0 . 0 3 2 - 0 . 1 8 3 Ü. 0 3 6

o ,  ■$-,*-1 3 . 8 7 4 - 0 . 8 3 3 2 . 4 3 6 0 .5 3 8 - 1 6 . 3 1 3 -3 .3 0 4

1 ,  4-, 0 - 9 7 . 3 2 4 - 1 5 . 4 5 4 2 0 .6 4 9 3 . 6 0 6 168 .834 -2 8 .6 1 4

1 , 4 - , - -1 - 0 . 0 1 1 - 0 . 0 0 3 - 0 . 0 1 1 - 0 . 0 0 6 -0 .0 1 1 0 .0 0 4

1 ,  £ , 1 - 4 . 0 6 1 0 . 8 3 1 1 .4 8 5 0 . 2 8 9 - 2 . 3 5 3 0 . 6 3 7

T a b le ( 5 .2 )

T r a n s fe r *  and O verla p **  I n t e g r a ls  f o r  phenanthrene computed u s in g  

s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  p a ra m eter*?«  2 4 .6  ran’*.

*  u n i t s  1io-4 eV .

* *  u n it s  1m- 4 .



Energy band structure of exces3 hole (a), first (h) and 

second (c) electron conduction bands in phenanthrene.
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k -  tt j “ 1 and k ■ ir ^c"1 are given in table (5 .3 ). Note that the 

energy band widths quoted are for vibrational overlap unity0 The 

p o la rizab ility  o f phenanthrene is extremely sim ilar to that of 

anthracene (129), 2.5ig-2 nm3 compared to 2.4ig-2 nm3 and the 

crystal structures are not too different hence one would expect the 

polarization o f the la ttice  by the excess electron or hole to be 

sim ilar for  the two crystals, Glaeser and Berry (44) have shown that 

the e ffe cts  o f including polarization is to reduce the transfer 

integrals almost linearly by a factor o f 2, The vibrational overlap 

integrals fo r  phenanthrene are not known, however, by comparison with 

naphthalene and anthracene the e ffects  of intem olecular vibrations 

is  to reduce the band widths linearly by factors o f  0 .6 , 0 ,3  and 0,1 

fo r  the zeroth, f i r s t  and second sub vibrational bands, hence the 

true band widths w ill be those given in table (5.3) multiplied by 

factors o f  0 .3 , 0.15 and 0.05 for  the f i r s t  three vibrational levels . 

Thus for the lowest vibrational state the average energy band widths 

in the ab plane for a ll three sets o f energy bands are 0.008 eV, 

using screening parameter C -  30.7 nm“ 1 , and 0.032 eV for the 

modified parameter, while the band widths perpendicular to this plane 

are approximately an order of magnitude smaller. This is more or less 

what one would expect on the basis o f  crystal structure since the 

short intem uclear distances, and hence large interactions, are 

predominantly between molecules which promote carrier transport in 

the ab plane0

5 04 Mobility tensor

5 .4 ( i )  Carrier m obilities in the energy band approximation

The components o f the mobility tensor, , can be computed from

the energy band structure using either the mean free time or mean free 

path approximations (132), through the relations :
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Normal M od ified

Hole la t  Cond 2nd Cond H ole I s t  Cond 2nd Cond

+ 0 . 9 4 3 . 6 1 3 . 3 6 1 1 . 7 7 1 3 . 8 3 4 . 9 5

E ( k It a" )
- 0 . 9 4 3 . 6 0 3 . 2 6 1 1 . 6 6 1 3 . 8 2 5 . 0 5

+ 3 . 3 4 0 . 8 6 1 . 0 9 5 . 3 6 2 . 5 4 9 . 0 0

E (k  // b  )
- 5 . 5 4 3 . 4 5 3 . 5 1 1 3 . 2 5 1 2 . 4 6 1 8 . 0 5

+ 0 . 2 4 0 . 2 3 0 . 0 7 1 . 0 8 0 . 7 5 0 . 9 2

E i k f / c  )
0 . 2 2 0 . 1 7 0 . 1 7 0 . 3 5 0 . 4 0 0 . 9 0

s p l i t t i n g 0 . 1 3 2 . 9 0 4 . 8 5 4 . 8 3 1 2 . 3 5 0 . 8 6

a t  k .a  = v

s p l i t t i n g 1  . 9 8 4 . 2 5 0 . 9 6 1 2 . 0 7 1 4 . 9 6 9 . 0 3

a t  k . c  « =  i r

T a b le (5 .3 )

E n ergy  bandw idths* in  c r y s t a l l in e  phenanthrene computed 

u s in g  s in g le  S la t e r  fu n c t io n s  w ith  the norm al(*T= 3 0 . 7  )

a n d  mod i f  le d  ( '* ’ «  2 4 .6  nitf1. ) s c r e e n in g  p a ra m eters .

V ib r a t io n a l  o v e r  la p  f a c t o r  u n it y .

*  u n it s  1b- 2 eV.
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pi j  "  e T0 <<vi  v . » / k 0T (5.4)

and

vij "  e X <<vi  vj/v Q i)» /k o T  (5.5)

where the synbols have their normal meanings (132). The components 

o f the mobility tensor, without the constant m ultiplicative factors 

e Tg/koT and e X/kgT , along the b” * axis together with the 

ratios o f the components along the a " 1 and jc '” 1 axes to this are 

given in table (5 .4 ).

Studies on anthracene (133) have shown that the uncertainty

principle as formulated by Frohlich and Sewell (84) is not violated

and, in view o f  the close sim ilarities between anthracene and

phenanthrene both structurally and crystallographically, one might

expect a sim ilar situation to ex ist in phenanthrene. However, in

addition to normal carrier -  phonon scattering there is  an additional

problem o f electron -  dipole interactions which could, i f  of

s ign ifican t magnitude, reduce the mean free path to below the la ttice

spacing. Phenanthrene crystals are known to be piezo e le c tr ic  (136) an

e ffe c t  for  which a necessary, but not su ffic ien t , condition (135) i s that

a system o f induced or permanent dipoles ex ist in an arrangement lacking

central symmetry. An estimate o f the value o f the e ffe ct iv e  dipole

moment in the crystal is  - l 10-3  D (129), hence electron -  dipole

interaction in phenanthrene w ill be o f  a sim ilar order o f  magnitude

to electron -  induced dipole interactions in anthracene which have

been shown to be small (44), In addition the experimentally observed

trap density in phenanthrene is  very sim ilar to that o f  anthracene,

and, as the energy band model is applicable to anthracene, i t  appears

reasonable to assume i t  w ill  also be applicable to phenanthrene. This

is  substantiated by the observed value o f a . / a vhi rhs o lid ' liquid  nicn
indicates that the conductivity i 8 much higher in the so lid  than in
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H ole. 1 S t. Cond. 2 nd. Cond.

V ib r a t io n a l
O verlap

0.1 1.0 0.1 1 .0 0.1 1 .0

<vbvb>* 2.497 213.809 0.425 49.596 0.361 42.21 9

< v b v b /v (k )> * * 1.020 8.618 0.229 2.533 0.223 2.474

^aa 0.1 48 0.220 9.368 8.492 7.981 7.1 68

^bb Co.199) (0.335)(5.7^9) (5.359)(4.978) (4.605
0.011 0.01 4 0.o44 0.037 0.028 0.027

"bb (0.021 ) ( o . o2 8 ) ( o . o 43) (0.035)(0.020) (0.021 )

( ^ a a )m in .* * *
0.05 0.65 0.47 5.60 0.39 4.1 5

(0.06) (0.92) (0.29) (4.34) (0.35) (3.64)

0.33 2.96 0.05 0.66 0.05 0.58
( ^bb)m in .

Co.32) (2.76) (0.07) (0.81 ) (0.07) (0.79)
0 .0 ” 4 o.o4o 0.002 0.020 0.010 0.020

( ^ cc)m in .
(0.003) (0.040)(0.004) (0.030)(0.001 ) (0.020)

Table(5. 4)

M o b i l i t y  r a t i o s  and minimum v a lu e s  o f  th e  m o b i l i t y ,  computed 

i n  th e  mean f r e e  tim e and f r e e  p a th ( in  p a re n th e s e s ) a p p rox ­

im a tio n s  u s in g  s in g le  S la t e r  fu n c t io n s  with"*7 = 3 0 .7  ran1. ,  

i n  c r y s t a l l i n e  phenanthrene.

*  1 » 6  ma/ s e c  .

* *  1 » 3  m /se c .

* * *  i w- 4  ma/ v o l t - s e c .

/
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H ole . 1 s t . Cond. 2 nd. Cond.

V ib r a t io n a l 0 . 1 1 . 0 0 . 1 1 . 0 0 . 1 1 . 0
O verlap

<vbvb>* 2 2 . 0 7  '1 0 2 9 . 8 9 6 . 7 3  '6 2 1 . 4 5 0 . 9 3 5 9 2 . 8 6

< v b v b /v (k )  > * * 2 . 6 5 1 2 . 5 2 0 . 9 3 8 . 3 8 5 . 3 2 1 0 . 2 1

^aa 0 . 4 5 1 . 2 3 8 . 8 5 8 . 0 9 5 . 4 2 6 . 1 7
^bb ( 0 . 5 2 ) ( 1 . 6 8 ) ( 5 . 4 2 ) ( 5 . 6 4 ) ( 9 . 4 3 ) ( 3 . 3 8 )

^cc 0 . 0 1 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 2

^bb ( 0 . 0 2 ) ( 0 . 0 7 ) ( 0 . 0 3 ) ( 0 . 0 2 )

-
=
t

0
•

0 ( 0 . 0 2 )

(  ^ aa)m in .***
0 . 3 6 4 . 5 8 2 . 1 2 18.11 6 . 2 2 1 4 . 8 o

( 0 . 4 4 ) ( 6 . 7 5 ) ( 1 . 6 2 ) ( 1 5 . 1 7 ) 0 6 . 1  3 ) ( 1 1 . 0 7 )

(  ^ b jin in .
O . 8 0 3 . 7 3 0 . 2 4 2 . 2 4 0 . o 4 2 . 4 1

( 0 . 8 5 ) ( 4 . 0 2 ) ( 0 . 3 0 ) ( 2 . 6 9 ) 0  .  7 0 ) ( 3 . 2 8 )

0 . 0 1 0 . 1  3 0 . 0 1 0 . 0 6 0 . 0 0 0 . 0 5
f ^ cc )m in .

( 0 . 0 2 ) ( 0 . 2 9 ) ( 0 . 0 1 ) ( o . o 6 ) ( o . o 6 ) ( 0 . 0 6 )

T a b le (5 .5)

M o b i l i t y  r a t i o s  and minimum v a lu e s  o f  th e  m o b i l i t y ,  computed 

i n  th e  mean f r e e  tim e and f r e e  p a th ( in  p a re n th e s e s ) ap p rox ­

im a tio n s  u s in g  s in g le  S la t e r  fu n c t io n s  w ith "^  = 2 4 .6  run '., 

in  c r y s t a l l i n e  phenanthrene.

* 1 k)6 ma/ s e c  .

**  1 m3 m /se c .

1 io-4 m ^ /v o l t - s e c .•***
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the liquid« The observed value o f “  32 , determined (135)

on a close packed polycrystalline sample, is sim ilar to that of 

naphthalene obtained under sim ilar conditions« The value obtained 

on single crystals o f naphthalene is several orders o f magnitude higher 

than obtained using polycrystalline samples and a sim ilar e ffe c t  might 

be expected for phenanthrene. Since the density o f phenanthrene 

increases s ligh tly  on melting, the decrease in conduction is  not due 

to larger intem uclear distances and appears to be a result o f the 

breakdown in the periodic structure o f the crystal la tt ic e . Conduction 

occurring via a wavelike motion is dependent upon the translational 

symmetry, o f the la tt ice , therefore, any reduction in this symmetry, 

as in the case o f melting, w ill considerably reduce the m obility o f 

carriers. Conversely carrier transport due to shopping motion does 

not rely on the translational symmetry and should thus be about equally 

e ffe ctiv e  for both liquids and solids (57). I f  the energy band model 

is  applicable to the conduction mechanism o f crystalline phenanthrene 

the uncertainty principle can be rephrased to yield  approximate values 

o f the scattering constants Tq and X . Thus in the mean free time 

approximation the average band width, B , is  related to the mean free 

time, tq , through :

t0 > h/B (5.6)

Substitution o f  equation (5«6) into equation (5.4) gives :

> l^fB <<Vi V ” (5.7)

Similarly, in the mean free path approximation the mean free path, X , 

must be greater than the la ttice  spacing, a , hence, assuming X to 

be iso trop ic  and equal to the average o f the la tt ice  constants,



equation (5 .5) becomes

" l i  ‘  t j f  w i y v ( k > »  (5.8)

The values o f the minimum m obility calculated using equation (5.7) and 

equation (5 .8) are shown in table (5 .3 ).

The mean square ve loc ities  <<v̂  v ^ »  and the velocity  components 

<<v  ̂ v^ /v(k )>>, calculated using vibrational overlap factor 0 .1 , are 

similar to the corresponding values for anthracene. However, these 

values show a much larger increase with increase in vibrational 

overlap which results in the minimum values of the mobility, for 

vibrational overlap unity, being much greater than the observed 

value in anthracene. As was discussed in section (3) the e ffects  

o f coupling o f the excess carriers with high frequency intramolecular 

vibrations, together with polarization of the crystal by the excess 

charge, serve to reduce the transfer integrals by a factor - 0 ,3 .

The resultant values o f the average mobility of excess electrons and 

holes in the j *  plane are 1.0 (6.0) and 0.6 (1.4) cm2/v o lt .s e c « , 

respectively, while perpendicular to the _ab plane the corresponding 

m obilities are 0.01 (0.02) and 0,01 (0.04) cm2/v o lt ,s e c . Thus the 

m obility ra tio , y j /ab /y_iab ~ 100 for excess electrons and - 60 fo r  

excess holes, is rather larger than the value ~ 30 obtained from 

the re s is tiv ity  measurements o f Matsumoto and Tsukada (127). However, 

bearing in mind that a s l i^ it  anisotropy in the energy gap, E , results 

in massive changes in the anisotropy o f the re s is tiv ity , p , the 

agreement between theory and experiment is  not as bad as might appear 

at f i r s t  sight.

5 c4 (ii)  Carrier  m obilities in the localized representation

The carrier m obilities in phenanthrene were calculated on the 

Gleaser -  Berry model (44) using a modification o f the program outlined 

in appendix (3 ).

-  127 -
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The probability distributions, t 0 \ ) , jump frequencies, 1 /t . , 

and diagonal elements of the m obility tensor, computed using the transfer 

integrals o f table (5 .1 ), are given in table (5 .7 ) . The average values 

for the mobility in the jib plane and the m obility perpendicular to this 

plane are given in table (5.6) where they are compared to the corresponding 

values for anthracene calculated on the same model.

Phenanthrene Anthracene

Hole Electron 1 Electron 2 Hole Electron Exp.
(a) , 0,281 0.321 0.218 0.118 0.288 1.5 1.4

a 0.826 1.375 0.889 0.390 0.940

V t i I ’ c ' c ’ 0.058 0.045 0,029 0.149 0.008 0.8 0.4

II 0.206 0.164 0.186 0.688 0.053

Table (5.6)

Calculated values of the m obilities in phenanthrene and anthracene 

computed in the simple hopping model.

(a) units : l io “ 4 m2/v o lt .s e c .

I transfer integrals calculated using 5 ■ 30,7 nnT

II transfer integrals calculated using £ “  24.6 nm“

The calculated anisotropy o f the carrier m obilities is much less than that

obtained using the energy band model, the predicted values o f the

m obilities in the _ab plane being - twice that o f anthracene,

i . e .  -  3 cm2/v o lt .s e c . ,  while perpendicular to the eb plane the average

m obility is  - that o f anthracene, giving a m obility anisotropy,

y ;y ^ /v , ab , o f - 6. This is  much lower than that obtained

experimentally.
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H ole
P o s i t i o n  ( r i )  1 / t i E le c tr o n  1 

( r i )  1 / t i E le c tr o n  2 
( r i )  1 / t i

0 , 0 , 1 0 .0 3 3 0 .5 4 o 0 .0 3 4 0 .4 8 3 O. 0 0 8 0 . 1 1  5

0 , 1 , 0 0 .6 6 7 11 .02 5 0 .2 2 3 3.1 34 0 . 1 9 8 2 .9 30
0 , 1 , 1 0 . 0 0 1 0 . 0 1  4 - 0 . 0 0 2 - 0 . 0 0 6

0 ,£ ,  0 0 . 1  4o 2 . 3 1 2 0 .6 4 3 9.031 0 .4 9 2 7 .2 7 9
1 ,±, 0 0.151 2 .4 9 6 0 .0 9 5 1 .3 3 4 0 . 2 8 1 4.1 61

0 , ~ 1 0 .0 0 4 0 . 0 6 1 0 . 0 0 2 0 .0 3 4 0 . 0 2 1 0 .3 0 7
U h  1 o . o o 5 O. 0 8 0 0 . 0 0  2 0 .0 2 9 - 0 . 0 0 5
A verage Jump 2 . 

fr e q u e n cy
361 2 .0 0 7 2 . 1 1 5

No. o f jumps 8 . 073 6 .6 4 9 5 .3 6 6
V aa**
 ̂bb 
 ̂ c c

0 .1 2
0 .4 4
0 . 0 6

0 .4 4
0 .2 o
o . o 5

0 .2 8  
0.1 6 
0 .0 3

H ole
P o s i t i o n  ( r i )  1 / t i

E le c tr o n  1 
( r i )  1 / t i

E le c tr o n  2 
( r i )  1 / t i

0, 0 , 1 0 .0 3 9  2 .2 2 6 0 .0 2 7  1 .390 0 .0 1 6  0 .9 5 7
0 , 1  > 0 0 .5 6 8  32 .726 0 .2 4 4  1 2 .3 7 4 0.161 9 .5 48
0 , 1 » 1 0 .0 2 7 0 .0 1 3 0 . 0 0 1  0 . 0 5 7

0 , , 0 0 . 2 1 6  1 2 .4 7 6 0 . 6 8 2  34.641 0 .5 1 5  30 .487
1 , , 0 0 .1 6 3  9 .4 15 0 .0 3 9  1 .9 9 7 O. 2 7 6  1 6 . 3 3 2

0 , , - 1 0 .0  7 0 .3 7 5 0 .0 0 5  O. 2 3 6 0 . 0 2 7  1 . 5 7 8

1 , , 1 0 .0  7 0 .3 9 3 0 .0 0 3  0 .1 4 4 o .o o 4  0 . 2 2 8

A verage jump* 8 .2 3 4 7 .2 5 6 8 . 4 5 5fr e q u e n cy
No. o f jumps 22.911 2 6 . 7 5 6 2 5 . 8 1 0

aa** 0 .5 3 1 . 8 9 1 . 2 1  
0 .5 9
0 . 1  9

bb 1 .1 2  
c c  0.21

0 .8 4  
0.1 6 
(b )

T a b le (5 .7 )

Jump probabilities,x ( r i ) , ju m p  frequencies*,!/ti,and

m o b i l i t i e s  in  c r y s t a l l i n e  phenanthrene,com puted  u s in g  

s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eters 

^  »  3 0 .7  nm (a )  and ^  = 24 . 6 nm". ( b ) .

* u n it s  1B12 s e c ' . * * u n its  1 » - 4  m V v o l t - s e c .
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5 »5 Comparison of phenanthrene with anthracene,.

The res is tiv ity  anisotropy o f phenanthrene was f ir s t  studied by 

Matsumoto and Tsukada (127)«, They obtained res is tiv ity  values o f

and lo9jol^  D-cm along the jab plane and perpendicular to the 

ab plane respectively at 288°K, Since, within the limits of 

experinental error, the energy gap was iso trop ic , having a value o f
Crr\

1,14 eV, they argued that the anisotropy resulted from an ¿sotropy in 

the mobility tensor. The theoretical calculations reported in the 

previous section substantiate this reasoning. Using the above values 

o f the re s is tiv ity  and energy gap Matsumoto and Tsukada estimated the 

pre-exponential factor, pg , to be 1 ,8104 in the _ab plane and 

6oOio4 perpendicular to the jib plane, while the corresponding values 

for anthracene are seven orders o f magnitude lower (189), Later 

studies (128, 129) cast some doubt on the purity o f the crystals used 

in the experiment, Matsumoto (128) obtained a value for the re s is tiv ity  

in the jjb plane o f  5 io l3  cm while Arndt and Damask obtained a value 

o f 9o2 io14 i>-cm perpendicular to the jjb plane, thus confirming the 

observed anisotropy o f Matsumoto and Tsukada, However, Arndt and Damask 

showed the log (res is tiv ity ) vs 1/T curve to consist o f two straight 

lines o f slope 1,5 eV, (T < 345°K) and 1,1 (T > 345°K), This change o f 

gradient was accompanied by an order o f magnitude decrease in the 

re s is tiv ity  and controlled experiments on impure crystals led to a 

decrease and fin a lly  elimination o f  the e ffe c t  resulting in the 

Matsumoto -  Tsukada resu lt. Using the Arndt and Damask values for  the 

re s is t iv ity  and energy gap the estimated value o f pg in the jib plane 

is  Oo07 fi-cm which is  within an order o f magnitude o f the corresponding 

value for anthracene,

5,6 Comments on the polarization phenomena observed in high purity 
phenanthrene crystals.

In this section suggestions are put forward as to the origins o f the 

polarization phenomena observed experimentally by Arndt and Damask (129)6
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A ll experimental data quoted is taken from their paper unless otherwise 

s tatedo

The observed phenomena have been described in terms of reversible 

and irreversible polarization states» Crystals in the reversibly 

polarized states were obtained by heating the crystals to temperatures 

above 345°K and then allowing them to cool in the presence of an 

applied field» Above 345°K. the current due to dark conductivity was 

observed, however, at 345°K a current pulse was emitted (see figure (5o3))

which decreased approximately exponentially with temperature» Various 

other experiments were performed using different voltage bias and in 

a ll cases the current showed a pulse with a maximum at 345°K» From the 

area under the curve the charge release was calculated to be of the 

order 2 ¡o” ! 0 coulombs»

Crystal without a centre of symmetry can show electrical 

polarization in the absence of an applied external fie ld  because of 

the alignment of e lectrica l, or induced dipoles» Such polarization 

w ill not be observed under sta tic  conditions because the polarization  

charges are compensated by free charges » However, change of 

temperature w ill cause a change in polarization and hence some of the 

free carriers are liberated giving rise to a current» Such crystals 

are called pyro electric» I f  the crystals allow their spontaneous 

polarization to be reversed in polarity by an external fie ld  the 

crystals are termed Ferro e le c tr ic s 0 The observed phenomena suggests
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that phenanthrene is either pyro or ferro e lectric»

Phenanthrene is  known to be piezo e le c tr ic  (136) with a piezo 

e le c tr ic  coe ffic ien t about equal to that o f quartz and i t  is noted 

that substances which exhibit piezo e le c tr ic  phenomena often also 

exhibit ferro e le c tr ic  phenomena, A ferro e le c tr ic  crystal usually 

contains domains, that is  a large number o f  aligned dipoles» The 

direction o f the aligned dipoles is  d ifferent in d ifferent domains and 

the orientation o f the dipoles is  opposed by thermal motion» As the 

temperature is  increased the alignment is  disturbed and at a certain 

temperature, called the Curie temperature, becomes completely random 

and the crystal then loses its  ferro e le c tr ic  properties. Thus, i f  

T ■ 345°K represents the Curie temperature, above this normal dark 

conductivity w ill  be, and is  observed»

Generally in a ferro e le c tr ic  material the symmetry is  lower below 

the Curie point as the material must be polar, whereas above the Curie 

point i t  may not necessarily be polar» Hence many ferro e lectrics  show 

a transition entropy which w ill be reflected in the heat capacity. A 

heat capacity anomoly has been observed in phenanthrene (129, 130) which 

shows a maximum of 340 calso/m ole0 at 345°K»

Crystals illuminated with intense white light for  several 

minutes, and then heated with a biasing f ie ld , showed in addition to the 

reversible polarization, other, more permanent phenomena» A crystal in 

the irreversible  polarized state changes to a d ie le c tr ic , which suggests 

that polarization is  largely in one d irection . In addition neither 

chemical etching nor cleaving o f the crystal impairs this a b ility  to 

cling  to the d ie le c tr ic . This directional polarization suggests that 

the crystals are e lectrets , i . e ,  the e le c tr ica l analogue of a magnet. 

Such persistent internal polarization phenomena has also been observed 

in benzene (137), naphthalene (138, 139) and anthracene (140 -  143).
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Conclusion

The energy band structure o f phenanthrene has been calculated using 

the tij^it binding model., The calculated energy band widths in the ab 

plane» assuming vibrational overlap unity, are of a similar magnitude 

to anthracene being 0»055 (0»210) eV. and 0»057 (0»213) eV» for the 

valence and f i r s t  conduction bands, respectively, while perpendicular 

to this plane they are an order o f magnitude lower» The above figures 

refer to values calculated using single Slater functions with 

x, “  30o7 nm"1 and C « 24»6 nm“ 1 (in  parentheses)» Coupling o f  the 

excess carriers with high frequency intramolecular vibrations and 

polarization e ffects  are estimated to reduce the above band widths 

by a factor of about The energy band widths o f  the second 

conduction band, which is  centred approximately 0»7 eV» above the 

f i r s t ,  are at a sim ilar magnitude and show the same degree of 

anisotropy as the f i r s t  conduction band»

The ratio o f the m obility o f carriers moving perpendicular to

and parallel to the jab plane have been calculated in both the energy
\

band and simple hopping models» The magnitude o f the m obility in the 

ab plane is predicted to be about twice that of anthracene, 

i 6e» * 3 cm2/v o lt»sec» , on both models, however, the anisotropy is 

considerably lower on the hopping model» For the energy band model

w II*. - 100 " j.*

and in the hopping model

U 1! ab - 6 "Lab
mtt m m

whereas the ratio  calculated from re s is tiv ity  studies is

u 11 ab
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The available data on phenanthrene has been reviewed in the light o f 

the calculated m obilities and the comparisons with anthracene are 

more pronounced than indicated by the work o f  Matsumoto and 

Tsukada (127)»
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CHAPTER (6)

The energy band structure and carrier m obilities in some condensed

aromatic hydrocarbons.

6.1 Introductions

6.2 Energy band structure»

6.3 M obility tensor.

6.4 Orientation of the principle axes o f the mobility tensor.

6.5 Comparison o f theory with experiment.

6.6 Conclusion
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6.1 Introduction

The lower molecular weight aromatic hydrocarbons are 

characterised by low m obilities, high re s is tiv it ie s  and large energy 

gaps. At the upper extreme in condensation o f benzene rings is graphite, 

characterised by a re latively  high m obility, which shows a high degree 

o f anisotropy, low res is tiv it ie s  and low energy gaps. Intermediate 

between these two extremes are the condensed aromatic hydrocarbons
l

coronene (C ^ H ^ ), ovalene (C^ H^) and circumanthracene (C^Q H^g).

The interplanar distance in these molecules is  very similar to the 

graphite value of 0.335 nm. and as can be seen from figures (6.1) and 

figure (6.2) the normal projection o f two parallel molecules shows a 

marked resemblence to the graphite structure as viewed along the 

c -a x is . I t  seems reasonable, therefore, to expect those molecular 

crystals to have an appreciable value for  the m obility.

No mobility measurements have been reported in the literature 

for  any o f the above compounds although values for the res is tiv ity  

and energy gaps have been determined (190 -  196), and these are 

lis ted  in Table (6 .1) along with the methods o f measurement.

Table (6.1)

Molecule R esistiv ity  
(Q cm)

AE(eV) Method o f 
measurement

Ref.

Coronene 1 .71017 1.7 compressed powder 190
loO10 8̂ 1.6 deposited film 190

2.3 compressed powder 191
2.55 evaporated film 192

1iq17 -  I 10I8 1.60 evap.film  -  sand.cell 193
11012 -  l io !3 1.65 " ” -  s u r f .c e ll 193

Ovalene 2 .3 1015 1.13 compressed powder 194
2 .3 1015 1.14 compressed powder 195

- 2.0 evaporated film 192

Ci rcumamthracene 6.0 jo 12 1.8 single crys.|| b axis 196
2.5 1013 1.9 evap.film  -  s u r f .c e ll
I oOiqIG — 1..0iq17 1.7 evap.film  -  sand.cell

Experimental data on coronene8 ovalene and circumanthracene.
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An approximate value for the anisotropy in coronene and 

circumanthracene can be obtained by comparing the values o f the 

re s is tiv it ie s  obtained using surface and sandwich ce llso  In the 

former method the e le c tr ic  fie ld  is  applied along the surface o f 

the film  and in the la tter perpendicular to i t .  Electron micro 

d iffraction  and X-ray studies indicate that the films consist o f 

a number o f single crystals, arranged in close packing, with their 

ab planes para llel to the surface of the film . Hence, the sandwich 

c e ll  e ffe ct iv e ly  measures the resistance along the c.' axis while the 

surface c e ll  measures the average resistance in the ab plane. Since 

the energy gaps obtained in the two experiments are very similar i t  

seems reasonable to suppose that the carrier density is  fa ir ly  

iso trop ic . Therefore, an order of magnitude value o f the mobility 

ratio  in the _ab plane to that along the axis can be obtained

from the ratios of the corresponding conductivities indicating that 

the m obility along the c ' axis is several orders o f magnitude less 

than in the ab plane. No anisotropy values, have been reported for 

the ab plane.

I t  is  thus the purpose of this chapter to calculate the energy 

band structure and the anisotropy o f the m obility tensor in coronene, 

ovalene and circuraanthracene.

6.2 Energy band structure

The energy band structure o f circumanthracene has been reported

by Harada et a l (197). The transfer integrals were calculated using

single Slater functions to represent the carbon 2p atomic wavez
function, the normal Goeppert -  Meyer and Sklar potential (202), and 

atomic coordinates constructed from the atomic coordinates o f 

coronene (199) and the unit c e ll  data o f Robertson et al (198). 

Unfortunately the Geoppert -  Meyer and Sklar potential does not
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include the e ffects  of electron exchange and the contribution o f 

these terms to the transfer integral are far larger than their 

coulombic counterpartso In the following sections an attempt is 

made to obtain an order o f  magnitude correction for the exchange 

contributions to the original integrals o f Harada. Such a 

correction w ill be very approximate but w ill give an idea o f the 

magnitudes of the interactions involved»

The crystal data for coronene (199) and ovalene (200) together 

with the Hueckel coefficien ts and symmetry o f the excess electron and 

hole wave functions are given in table (6 .2 ). The highest bonding 

and lowest anti-bonding orbitals in ovalene are separated from the 

nearest energy levels by about 1.3 eV and hence band mixing e ffects 

w ill  be negligible and the calculation o f the energy band structure 

straightforward» However, in coronene both the highest occupied 

and lowest unoccupied energy levels are degenerate,subsequently the 

energy bands constructed with these molecular orbitals as a basis 

w ill  interact considerably giving rise  to two sets o f energy bands 

for  both the electron and the hole. Hence when determining the energy 

band structure of these bands-the methods developed in Chapter (A), 

section (2 ), page (76) must be used.

The necessary transfer integrals for  coronene and ovalene have 

been computed using a single Slater function with both the modified and 

normal Slater screening parameters. The results o f the calculation 

using the modified screening parameter are given in table (6 .3 ) .

To fa c ilita te  the comparison o f  the present results with those o f 

Harada et al (197) the transfer in tegral, for the normal Slater 

screening parameter, are quoted as a sum o f the contributions from the 

coulomb and exchange interactions separately. From the magnitude o f  the 

two contributions to the transfer integral for ovalene i t  can be seen
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Coronene Ovalene

E le c tr o n  Hole E le c t r o n  H ole

P o s i t i o n < 1 I> < 1 1  I I> < 1 I I > <1 I> < 1 1  I I> <1 H >

0 , 0 , 1 2 7 . 9 5 - 4 6 . 0 4 8 . 9 9 - 2 5 . 3 5 - 1 5 . 2 5 - 8 5 . 9 9 3 6 3 .9 1 - 4 7 3 . 7 0

0 , 1 , 0 - 3 3 4 . 4 8 2383.04 1 2 . 7 3 6 5 . 6 5 - 6 6 0 . 3 2 - 3 2 2 . 8 3 1 6 7 5 . 2 1 3 1 2 1 . 0 4

0 , 1 , 1 - - - - - - 4 . 2 5 - 1 1  .01

1 2 . 5 6 - 3 8 .8 0 - 2 8 . 9 3 9 0 .7 6 - 4 . 0 7 - 1 9 . 1 8 3 1 . 5 6 1 5 . 9 0

4» h 1 2 . 5 7 7 . 9 0 4 . 4 3 - 3 . 1 1 - 1 4 . 3 2 1 . 2 3 4 . 4 9 - 7 . 1 4

T able ( 6 .3 )

T ra n s fe r  in t e g r a ls *  f o r  e x ce ss  e le c t r o n s  and h o le s  in  coron en e  and o v a le n e  

computed u s in g  s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eter's- ** 2 4 .6  nm”'.  

*u n its  1 jo—̂  eV.



142

that the e ffects  of including exchange interactions is  to increase the 

interactions between the molecule at the origin and those at the 

comers of the unit ce ll by a factor of 4 whilst the interactions 

with molecules at the centre of the _ab faces are increased by a 

factor o f about 60 In order to obtain an approximate value for the 

energy band widths we have multiplied the integrals o f Harada by the 

appropriate factor» It  should be emphasised that this is a rather 

drastic approximation, however, in the absence of accurate atomic 

refinements and because o f the remote p oss ib ility  of obtaining any (201) 

there appears to be no other alternative» The transfer integrals for 

coronene and ovalene together with the modified integrals o f Harada 

are given in table (6»4)» There are two points o f interest in the 

calculated interaction between the molecule at the origin and that at 

the position (0, 1, 0 ). F irstly , the magnitude o f the interactions for 

ovalene and circumanthracene are in the reverse order to that which 

would be expected from considerations o f increasing ring size 

coupled with l i t t l e  change in the intem olecular distances, i » e g the 

more condensed hydrocarbon would be expected to have the larger value» 

Secondly, the interactions o f the electrons and the holes have the 

same relative sign»

The reason for these apparent anomalies can be traced to the 

symmetry properties o f the two sets o f molecular wave functions»

The relative phases of the Hueckel coeffic ien ts  in circumanthracene 

are such that a ll the interactions between atoms which are very 

close together (~ 0»35 nm) cancel with equivalent interactions in 

other parts o f the molecule giving rise to a smaller overall 

interaction than one might at f ir s t  expect» Similar cancellations 

occur in ovalene but to a lesser extent and the sign o f the products



Coronene Ovalene Circumanthracene
<1  I> <11 I I > <1  H >

P o s i t io n C ou l. Exch. T ran. C ou l. Exch. T ran. Tran. C oul. Exch. Tran. C oul. Approx Tran.'

0 , 0 . 1 - 0 .2 3 -3 -41 - 3 .6 4 4 .0 8 4 .8 9 8 .9 7 2 .4 7 2 0 . 1 1 6 4 .0 8 84.1 9 -2 1 .2 5  -8 4 .9 0

c C

oco•oVO 4 35 .45 5 9 6 .2 4 -2 4 . 34 - 6 8 . 31 -9 2 .9 7 5 . 6 6 89.1 4 2 7 1 .4 5 36 0 .5 9 -5 3 .6 9  -2 1 4 .7 5

■Jr. 0 - o .  36 - 4 .7 4 -5 .1 1 0 .3 7 1 . 6 9 2 .0 5 - 1 1 .3 0 0 .4 9 3 .8 5 4. 34 0 .7 7  4.61

-J-j -J>1 0 . 1 0 0 .5 9 O. 6 9 O. 0 6 0 .2 4 0 . 30 0 .2 9 0 .0 9 0.41 0 .5 0 0 .1 3  0 .7 8

(a )

<1 I>
Coronene

<11 I I> <1 I I>
O valene Circum anthracene

P o s i t i o n C ou l. Exch. Tran. C ou l. Exch. Tran. T ran. C oul. Exch. Tran. C oul. Approx Tran.

0 , 0 , 1 - 2 .3 7 -5 .2 7 - 7 .6 4 -4 .5 0 -4 .9 6 - 9 .4 6 1 5 .9 0 -2 4 .1 7 - 7 8 . 7 1 - 1 0 2 . 8 8 2 1 .7 3  8 6 . 8 9

0 , 1 , 0 -3 1 .6 4 - 2 2 . 6 2 -5 4 .2 6 -5 7 .4 3 - 1  5 1 .6 4  -•2 0 8 . 8 9 -1 0 7 .3 7 19 9 .5 0 5 3 4 .8 9 7 3 4 .3 9 -5 5 .9 9  -2 2 3 .9 9

■J’ 0 4 .2 7 1 3 . 1 2 1 7 .3 8 - 0 .3 0 -0 .9 0 - 1 . 1 9 - 3 .3 9 0 .3 8 2 . 6 8 3 . 0 6 - 0 . 7 5  -4 .5 0

4-, - 0 .0 7 -0 .3 0 - 0 .3 7 - 0 . 2 1 - 1 . 2 1 - 1 .4 2 0 . 1  0 - 0 . 0 6 - 0 .4 5 - 0 . 5 1 - 0 . 1 8  - 1 . 3 2

(b )

T a b l e ( 6 .4)

Coulomb and exchange c o n t r ib u t io n s  t o  th e  t r a n s fe r  in t e g r a ls *  o f  e x ce ss  e le c t r o n s ( a )  and h o le s (b )  in  

co ron en e , o v a le n e  and c ircu m a n th ra cen e .

The f i g u r e s  in  a n g u la r  b r a c k e t s  r e f e r  t o  th e  m o le c u la r  o r b i t a l  o f  th e  f r e e  m o le cu le .

* u n it s :  1b- 4 eV.
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of the Hueckel coe fficien ts is negative for the large 

non-cancelling terms for both electrons and holes giving rise to 

transfer integrals which are positive for both carriers0

The energy band structure of excess electrons and holes in 

crystalline coronene, calculated including the e ffects  o f energy 

band interactions, are illustrated  in figure (6»3) and figure (604)»

The rather strange behaviour o f the energy bands along the Jj axis 

requires some commento

The energy bands o f excess electrons show, in addition to the 

normal maximum and minimum at the centre and edge o f the Brillouin 

zone, a minimum, a maximum in the case o f the band o f lower energy, 

at approximately k ** _rr ja~ */2 . The origin o f  the e ffe c t  lies  in the 

structure and relative positions of the two "pure" energy bands 

resulting from the degenerate energy levels o f the lowest 

antibonding molecular orbita l in the free molecules» The phrase 

"pure" energy band is  used to describe the energy band resulting from 

one o f  a pair o f  near degenerate molecular levels calculated 

assuming the second band to be absent» Such bandswill not exist 

physically but are extremely helpful in understanding the structure 

o f energy bands resulting from the mixing o f two or more such bands» 

Figure (6»5) shows the structure o f these bands along the reciprocal 

la tt ice  axes, j*“ 1» b“ 1 and _c” 1 » To distinguish between the energy 

bands resulting from the degenerate molecular energy levels I and II 

the notation E+(k) has been modified s lig h tly  to include the 

molecular energy level as a superscripts viz E+I (k||x_1) denotes 

the two components o f the energy band in the tf"1 direction calculated 

using the molecular orbital coe ffic ien ts  o f energy level I » As can 

be seen from figure (6»5) the "pure" energy bands along th,e a“ 1 

and c“ 1 axes are reasonably well separated whereas along the b " 1
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Figure (6 .4 )

Energy band structure  o f  excess holes  in c r y s ta l l in e  coronene coirputed

using a s in g le  S la te r  function  to represent the carbon 2n wave 
- 1 z

function  with screening parameter, Ç -  30.7 n n "1.



E n
 er

g y
147 -

Enerpy band structures o f excess hole ( l e f t )  and electron 
in coronene in the absence o f band mixing.
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Figure (6 .6 )

Enlarged sections o f the crossing regions of the excess 

electron (c) and hole (a) bands and the energy band shapes 

resulting from band-hand repulsion. The superscripts on

U (k) have been omitted fo r  c la r ity .
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axis they in tersect9 hence9 one would expect band mixing e ffects  to be 

o f greater importance in this direction» This is  substantiated by the 

close sim ilarities between the "pure" energy bands in figure (6.5) and 

the corresponding energy bands in figure (6.3) along the j f l and 

jc“ 1 axes. Figure (6.6) shows an enlarged section o f the crossing 

regions o f  figure (6.5) and the band shapes resuling from band-band 

repulsion. For low values of k (k < 0.4 tt b“ 1) E+(kI Ih,” 1) and 

E+ (¿1 lii"1) are reasonably well separated and the energy bands in 

figure (6 .3) show a strong correlation with the pure energy bands of 

figure (6 .5 ). In the region

0.4 r _b” 1 < k < 0.6 b~1

the two sets o f energy bands experience an increasing repulsion due 

to the presence o f the other and this results in the energy bands changing 

direction and ultimately exchanging roles . The situation is 

illustra ted  in figure (6.6) (c ) ,  the dotted lines showing the 

bending o f  the energy bands due to mutual repulsion and the resulting 

band shapes are shown in figure (6.6) (d ). For k > 0.6 it b_“ 1 the 

repulsion e ffects  decrease and the energy bands again show a strong 

correlation with the pure energy bands.

Similar arguments can be used to explain the strange behaviour 

of the energy bands o f excess holes along the b“ 1 axes. These are 

illustrated  in figure (6.6) (a) and figure (6 .6) (b )„

The above e ffe cts  are e ffe ctiv e ly  an extension o f  the familiar 

non-crossing rule (203) into the energy bands in Jc -  space. It  

should be noted that E+(k) and E_0c) belong to d ifferent 

symmetry species hence crossing o f these energy bands as in 

figure (6.3) and figure (6.4) does not constitute a violation  o f 

the non-crossing rule.
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The energy band structure of circumanthracene and ovalene, 

calculated using the transfer integrals with screening parameter 

30.7 nm“ 1, are shown in figure (6.8) and figure (6.7) respectively.

The general shapes o f the energy bands for ovalene calculated using 

the transfer integrals with the modified screening parameters are 

very similar to the ones shown and are not given here, however, i f  

needed they can be easily calculated using the transfer integrals 

o f table (6 .3) and equation (3.12) o f Chapter (3 ), section ( 3 ) ,  

page (47).

Unlike the linear polyacenes the energy bands o f ovalene and 

circumanthracene show only small sp littin g  between the two components 

o f the energy band and, due to increased molecular size and the 

re la tively  short length o f the _c axis, have a relatively  large 

band width in the c” 1 d irection . In addition E+(k| lb“ 1) shows 

the same type o f variation for both electrons and holes hence the 

lower energy states w ill be around the minimum at k * ir b“ 1 for 

electrons and around the maximum k ■ 0 for holes in ovalene, while 

the reverse is  true for circumanthracene. I t  should be noted that the 

energy levels for excess holes are measured downwards from the top of

the bando Thus d2(E. (k||b) w ill be positive for excess electrons
dk2

D

and negative for excess holes in ovalene and the same is  true for 

circumanthracene. The e ffective  mass, m* , o f a carrier o f energy 

E and wave vector k can be written (204)

hf.
m* ■ d2E (6.1)

dk2

Hence the e ffective  masses in the lower energy states w ill be positive 

for electrons and negative for holes and, since the energy band widths 

are several times k(jT at room temperature, i t  w ill be these states
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Energy band structure o f excess electrons ( le f t )  and 

excess holes (right) in crystalline oval<£nc [ <yu | y l> | 2 .  l <0
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Energy band structure o f excess holes (a) and excess 

electrons (b) in crystalline circumanthracene.
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Coronene □valene

E lectron E lectron Hole Hole E lectron Hole

+ 0.012 0.006 0 .0 3 4 0.006 0 .0 1 4 0 .0 0 4
E(k // a" )

- 0.013 0.006 0 .0 3 3 0 .0 0 5 0 .0 1 4 0 .0 0 4

+ 0 .329 0.431 0 .0 6 4 0 .146 0.688 1 .243
E(k // d )

- 0 .408 0 .418 0.130 0 .135 0 .6 5 9 1 .236

+ 0.012 0 .014 0.007 0.038 0 .1 5 3 0 .2 0 4
E(k ¡1 c )

- 0 .025 0.009 0.020 0.022 0 .1 4 5 0.193

£  s p lit t in g  0.067 0.008 0.079 0 .0 0 5 0.022 0.018

T a b le (6 .5 )

Energy bandwidths* o f  the e le c tro n  and h ole  bands in  coronene and ovalene 

computed using s in g le  S la ter  fu n ction s  with screening parameter'5’ »  2 4 .6  nm '. 

V ibration a l overlap  fa c to r  u n ity .

♦units: eV.
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Coronene

E le c tr o n E le c tr o n Hole

+ 0 .0 0 1 7 0 .0 0 0 9 0 . 0 0 6 2
E ( k U a ')

- 0 .0 02 0 0 .0 0 1 2 0 . 0 0 6 0

+ ' 0 .0 9 6 4 0.1041 0.0411
E (k l lb f ’ )

— 0 .1 00 2 0 .1 02 0 O. 0 5 3 2

+ 0 . 0 0 1 0 O.OO39 0 .0 01 2
E ( k l l c ' )

- 0 . 0 0 1 9 0 .0 0 3 3 0 .0 0 2 8

c s p l i t t i n g  0 .0 0^ 7 0 .0 0 1 5 0 . 0 1 5 0

□valene Circumanthracene

Hole E lectron Hole E lectron Hole

0 .0 0 0 4 0 .0 0 1 9 0 .0 0 1 0 0 .0 0 2 2 0 . 0 0 2 3

0 .0 0 0 2 0 . 0 0 1 9 0 . 0 0 1 0 0 .0 0 2 2 0 . 0 0 2 3

0 .0 5 8 4 0 .1 4 6 2 0 .2 9 4 8 O.O8 3 7 0 .0 9 1 9

0 . 0 5 7 8 0 .1 4 2 3 0 . 2 9 2 7 0 . 0 8 8 1 0 .0 8 7 3

0 . 0 0 9 4 0 . 0 3 4 1 o .o 4 l 6 0 .0 3 3 3 0 .0 3 3 7

0 . 0 0 8 2 0 . 0 3 3 3 0 . 0 4 0 7 0 .0 3 4 6 0 .0 3 5 8

0 . 0 0 0 6 0 . 0 0 3 1 0 . 0 0 2 9 0 . 0 0 3 1 0 .0 0 2 5

Table(6 .6 )

Energy bandw idths* In  coron en e  ova len e  and circu m an th racen e  com puted u s in g  s in g le  

S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eter'5’ “  3 °»7  nm*.

V ibration a l overlap  fa c to r  u n ity .

* u n its : eV
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which are most densely populated« Therefore, in ovalene at least,

one should not observe any anomalous e ffects  in the e le ctr ica l

properties along the b axis. This provides an easy method of

determining whether or not band theory is  applicable to ovalene as
D Hthe model predicts that the ratio y /y should be positive for both 

electrons and holes unlike in the case of linear polyacenes where 

the reverse is  true. In the case o f circumanthrscene the ratio 

y /y  should again be positive for both electrons and holes, although 

the e ffects  o f molecular vibrations may reduce the band width to the 

extent that the band width < kgT and then the sign o f  y /y  would 

be reversed.

6.3 Mobility Tensor

The ratios o f the elements o f the m obility tensor, calculated 

in the mean free time and mean free path approximations using the 

methods o f Chapters (3) and (A) and the transfer integrals computed 

with single Slater functions characterized by both the normal and 

modified (C -  24.6 nm"1) screening parameters, are given in table (6.7) 

and table (6 .8 ). The mobility ratios for coronene crystals 

containing excess electrons is relatively  independent of the 

vibrational overlap factor and show the electron mobility in the b“ 1 

direction to be several orders o f magnitude greater than either the 

a“ 1 or c ’ “ 1 directions. In general

uaa ~ V c 9 * IS O O ^ T ^  hb  for  both energy bands

where the figure in parentheses refers to the value calculated 

using the screening parameter C -  24.6 nm” 1 .

The variation o f  the hole m obility ratios with vibrational overlap 

factor is  rather more complicated, the two energy bands showing opposite
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variations as the factor is  increased» I f  the hole m obility ratio

V /w.. t calculated using £ -  30»7 nm"1 , is  considered;for the aa dd J
band o f lowest energy the m obility ratios decrease with increasing 

vibrational overlap factor while the reverse is  true for  the higher 

band» As with the rather peculiar behaviour o f the energy bands 

in the Brillouin zone, the m obility ratios can be understood in terms 

o f the m obilities in the "pure" energy bandsg and the large band widths0 

For vibrational overlap factor unity the energy band width along b“ 1 

is  much larger than kgT the excess hole w ill  therefore be predominantly 

in the lower energy states which show a strong resemblence to the "pure" 

energy bands which leads to the higher band having the higher degreer 

o f anisotropy» For vibrational overlap factor 0*1 the band width along 

b“ 1 is  less than koT resulting in the upper regions o f  energy bandmm

being more heavily populated and, since the relationship between actual 

energy bands and pure energy bands has been reversed, the anisotropy 

o f the m obility ratios is reversed. Thus one would expect sim ilarities 

between the m obility ratios in the f ir s t  band with vibrational overlap 

factor 0»1 and the second band with vibrational overlap factor 1,0 and 

vice versa» Such correlations are amply illu stra ted  in table (6»7)» 

Similar trends are observed using screening parameter C -  24,6 nm“ 1 , 

however, even with vibrational overlap 6,1 the energy band width 

is s t i l l  “ kg! and so the e ffe c t  is not so pronounced.

The mobility ratios o f  ovalene and circumanthracene, with 

C ■ 30,7 nm“ 1 , show some sim ilarities in that the ratios for 

electrons and holes are approximately the same, p being

less than ^ « ¿ t ^ b  • 811,1 they are re la tively  insensitive to the 

degree o f vibra^ipnal overlap. For 5 ■ 30.7 nm

’  4o '  To *bb ior ovalene

and aa ■55 “ "5q f ° r circumanthracene.



I Coronene I I

V ib r a t io n a l
O verlap

0 . 1 o . 5 1 . 0 0 . 1 o .5

<vbvb>* 4 .3 8 114 .56 4 4 2 .9 6 3 .1 3 6 5 . 0 6

< v b v b /v (k )>** 1 .19 6 .4 3 12 .99 0 .9 9 4 . 0 9

 ̂aa 0 . 1 1 o . o 8 0 . 0 5 0 . 0 5 0 . 0 7

^bb (0 .3 0 ) ( 0 . 2 2 ) (0 .1 4 ) ( 0 . 1 6 ) ( 0 . 2 3 )

' c c 0 . 0 3 0 . 0 3 o . o 4 0 . 0 3 0 . 0 3

** bb ( 0 . 0 5 ) ( 0 . 0 7 ) (0 .1 0 ) (0 . 0 6 ) ( 0 . 0 5 )

^ a c -0 .0 1 -0 .0 1 -0 .0 1 -0 .0 1 - 0 . 0 1

 ̂ bb ( -0 .0 2 ) ( - 0 . 0 3 ) ( - 0 . 0 4 ) ( - 0 . 0 2 ) ( - 0 . 0 2 )

M obility  r a t io s  o f  excess h o le s (a ) and e le c tro n s (b )

Ovalene Circumanthrancene

1 . 0 0 . 1 0 . 5 1 . 0 0 . 1 0 . 5 1 . 0

1 9 7 .0 4 5 4 .9 5 8 5 0 . 9 2 2 3 2 2 .4 0 5 . 2 8 1 2 8 . 4 9 44 2 .1 2

6 . 2 7 5 .2 7 1 8 .7 3 2 7 .7 4 1 . 2 3 6 . 0 3 10 .74

0.11 0.01 0 . 0 1 0 .0 2 0 . 0 3 0 . 0 2 0 . 0 3

(0 .3 5 ) (0 .0 1 ) ( 0 . 0 2 ) ( 0 .0 3 ) ( 0 . 0 3 ) ( 0 . 0 3 ) (0 .0 3 )

0 . 0 3 0 . 0 9 0 .1 4 0.21 0 . 6 8 0 . 6 8 0 .7 5

( 0 . 0 5 ) ( 0 . 1 3 ) ( 0 .2 4 ) (0 .3 9 ) ( 0 . 7 2 ) (0 .7 5 ) ( 0 . 8 8 )

- 0 . 0 1 - 0 . 0 3 - o . o 4 -O . 0 6 - 0 . 1 2 - 0 . 1 2 - 0 . 1 3

( - 0 . 0 2 ) ( - 0 .0 4 ) 1 c • c G\ ( - 0 . 1 0 ) ( - 0 . 1 3 ) ( - 0 . 1 3 ) ( - 0 .1 5 )

(a)

Table(6.7)

in  c r y s ta l l in e  coronene,ovalene and circumanthracene 

computed in  the mean fr e e  time and fre e  p a th (in  parentheses) approxim ations usin g  s in g le  S la ter  fu n ction s 

w ith screening parameter"7 «  30.7 nm*.

* u n its : 1»6 ma/s e c*  .

**u n its : 1»3 m /sec.
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1 Coronene I I Ovalene Circumanthrancene

V ibra tion a l
Overlap

0 . 1 0 . 5 1 . 0  0 . 1 0 . 5 1 . 0 0 . 1 0 . 5 1 . 0 0 . 1 0 . 5 1 . 0

<vbvb>* 1 5 . 9 6  2 8 7 . 0 6  7 2 8 . 6 8  2 2 . 9 7  5 3 5 . 8 0  1 4 9 4 . 6 0 1 4 . 3 9 3 2 2 . 1 8 9 2 4 . 0 9 4 . 7 0  1 0 5 . 9 5 3 4 3 . 8 4

<vbvb/v(k>** 2 . 6 5 1 0 . 0 7 1 5 . 0 6  3 . 3 2 1 6 . 4 5 2 5 . 7 0 2 . 4 1 1 0 . 9 3 1 6 6 . 8 1 1 . 1 0 4 . 9 8 8 . 2 7

^ a o . o o 3 o . o o 3 o . o o 3  0 . 0  1 0 . 0 0 1 o.ool 0 . 0 2 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 6 0 . 0 8

**bb ( 0 . 0 1 0 ) ( 0 . 0 0 7 ) ( o . o o 7 ) ( o . o o 5 ) ( 0 . 0 0 3 ) ( 0 . 0 0 2 ) ( 0 . 0 2 ) ( 0 . 0 3 ) ( 0 . 0 4 ) ( 0 . 0 5 ) ( 0 . 0 8 ) ( 0 . 1 2 )

^ c 0 . 0 0 1 0 . 0 0 2 0 . 0 0 4  0 .0 * '1 0 . 0 0 1 0 . 0 0 1 0 . 2 3 4 0 . 2 6 3 0 . 3 6 3 0 . 7 3 6 0 . 8 0 2 0 . 9 4 9

**bb ( 0 . 0 1 0 ) ( 0 . 0 1 5 ) ( 0 . 0 2 1  K 0 . 0 0 6 ) ( o . o o 5 ) ( 0 . 0 0 6 ) ( 0 . 2 8 8 ) ( 0 . 3 5 7 ) ( 0 . 5 5 1 ) ( 0 . 7 7 6 ) ( 0 . 8 6 9 ) (1 . 0 7 0 )

*̂ac - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 0 2  - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 6 3 - 0 . 0 7 0 - 0 . 0 9 7 - 0 . 1 1 2 - 0 . 1 1 5 - 0 . 1 2 8

^bb (-o.oo4)( - o . o o 5 ) ( - 0 . 0 0 9 ) ( - 0 . 0 0 2 ) ( - 0 . 0 0 2 ) ( - 0 . 0 0 2 ) ( - 0 . 0 7 7 ) ( “ 0 . 0 9 5 ) ( - 0 . 0 1  4 ) ( - 0 . 1 2 2 ) ( - 0 . 1 3 0 H - 0 . 1 4 9 )

(b )

T a b le (6 .7 )  c o n t .

M o b il ity  r a t io s  o f  e x ce s s  h o le s (a )  and e le c t r o n s ( b )  in  c r y s t a l l i n e  co ro n e n e , o v a le n e  and circu m an th racen e 

computed in  the mean f r e e  tim e and f r e e  p a t h ( in  p a re n th e se s ) a p p ro x im a tio n s  u s in g  s in g le  S la t e r  fu n c t io n s  

w ith  s c r e e n in g  p a r a m e te r "^  30 .7  run1.

* u n it s :  1 »6  ma/ s e c 3 *

* * u n it s :  l » 3 m /s e c .
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I Coronene I I Ovalene

V ibrational
Overlap

0.1 0 .5 1 .0 0.1 0 .5 1 .0 0.1 0 .5 1 .0

<vbvb>* 37.66 786.27 191 9 .90 28. 39 532 .9 8  1 581.30 611 .58 2200.60 1868.50

<vbvb/v(k) >** 3- 51 1 6.1 4 22.21 2 .9 5 11.66 1 9 .65 1 4 . o 6 1 3 .9 8 6.51

^aa 0 .3 7 0.20 0 .08 0.18 0 .3 5 0 .5 6 0.01 0 .0 8 0.27

^bb (0 . 46 ) (0 . 2 4 ) (0 .1 1 ) ( 0 . 29 ) (0 . 5 0 ) (0 . 6 7 ) ( 0 . 0 3 ) (0 .2 2 ) (0 .9 2 )

^cc 0 .0 5 0.07 0.1 3 O.06 0 .0 5 0 .0 4 0 .1 9 1 .06 3.26

^bb (0 .08) (0.1 6) (0 . 35 ) (0 .0 8 ) (0 .0 6 ) (0 . 0 5 ) (0 .3 7 ) ( 2 . 3 7 ) (8 .1 1 )

^ac -0 .0 2 -0 .0 2 - 0 .0 5 -0 .0 2 -o .o1 -0 .0 2 - 0 .0 5 -0 .2 8 -0 .8 6

^bb ( - 0 . 0 3 )

Co0•01 O
J0•01 ( -0 .0 2 ) CVJ0•01 » 1 0 • c ro 0•01 ( - 0 .6 2 ) f-0O
J1

(a )

T a b le (6 .8 )
M obility  ra t io s  o f  excess h o le s (a ) and e le c tro n s (b ) In c r y s ta l l in e  coronene and ovalene 

computed In the mean fr e e  time and fr e e  p a th (in  parentheses) approxim ations using s in g le  

S la ter fu nctions with screening parameter £*= 2 4 .6  nm'.

*u n its : 1 »6 m^/sec* .

**u n its : 1jo3m /sec.



I Coronene I I □valene

V ibration al
Overlap

0.1 0 . 5 1 .0 0.1 0 . 5 1 . 0 0.1 0 .5 1 . 0

<vbvb>* 197.19 1 2 2 6 . 2 0 2 1 6 7 . 5 0 359.38 2 6 7 8 . 2 0  2 2 8 8 . 1 0 2 7 7 . 1 2 2 3 6 2 . 7 0 3904.60

< v b v b /v (k )> * *  8 .0 2 19.84 3 4 .7 2 12.94 2 5 . 6 3 1 3 . 8 8 1 0 . 4 5 2 3 .1 3 2 3 .5 8

v aa 0.01 0 . 0 1 0.01 0 . 0 0 3 0 . 0 0 3 0 . 0 0 7 0 .0 2 o .o 4 0 . 0 7

v bb ( 0 . 0 1 ) ( 0 . 0 1 ) ( 0 .0 2 ) (0 .0 1 ) (0 .0 1 ) ( 0 . 0 5 ) (0 .0 2 ) ( 0 . 0 7 ) (0 .1 2 )

 ̂cc 0 . 0 0 3 0 . 0 0 8 0 .0 2 0 .0 0 2 0 . 0 0 8 o .o 4 0 .2 2 0 . 5 6 1 . 0 2

. f* bb ( 0 . 0 1 ) ( 0 . 0 2 ) (0 .0 2 ) ( 0 . 0 1 ) ( 0 . 0 8 ) ( 0 . 3 4 ) (0 . 2 9 ) ( 0 . 9 0 ) ( 1 . 7 1 )

 ̂ac -0 .0 0 1 - 0 . 0 0 2 - 0 . 0 0 5 -0 .0 0 1 - 0 . 0 0 3 - 0 . 0 1 5 - 0 . 0 6 - 0 . 1 5 - 0 . 2 7

V- bb ( - 0 . 004 ) (-0 .0 0 8 ) (-0 .0 0 8 ) ( - o .o o 4 ) (-0 .0 2 8 ) ( -0 .1 2 9 ) ( -0 .0 7 7 ) ( - 0 . 242 ) (-0 .4 5 8 )

(b)

T ab le (6 .8 )

M obility  r a t io s  o f  excess h o le s (a )  and e le c tro n s (b )  in  c r y s ta l l in e  coronene and ovalene 

computed in  the mean fre e  time and fre e  path (in  parentheses) approxim ations using s in g le  

S later fu nctions w ith screening param eter<*= 2 4 .6  nm'.

* u n its : 1»6 mJ/s e « f  .

♦♦units: 1»3 m /sec.
9
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The nob ility  ratios o f electrons and holes in crystalline ovalene 

calculated using screening parameter ç ■ 24.6 nm“ 1 show a large variation 

with increase in vibrational overlap,, For vibrational overlap factor 

Oil the m obility ratios for electrons and holes are very sim ilar, 

however, due to the extreme widths of the energy band along li"1 , this 

situation does not hold for any other value o f  the vibrational overlap 

factor» I t  is  interesting to note that the m obility ratios for  the 

electron band with vibrational overlap factor 1»0 and the mobility ratios 

for the hole band with vibrational overlap factor 0»5 show a strong 

correlation in keeping with the width o f the hole band being twice 

that o f the electron band»

6»4 Orientation o f the principle axes o f  the mobility tensor

The direction cosines o f the principle axes o f  the m obility tensor 

with respect to the orthogonal crystallographic axes ja, b and jc* are 

obtained by diagonalisation of the mobility tensor. The crystal 

symmetry is  such that the crystallographic b -  axis is always a 

principle axis and i f  the principle axes o f the m obility tensor are 

represented by A, B and Ç the array representing the relative 

orientation o f the principle and crystallographic axes is  o f the form

a b c !**
A _aA -90 -aC

B 90 0 90

Ç aC 90 aA

The values o f the elements aA and aC for  coronene, ovalene and 

circumanthracene are given in table (6„10). Unlike anthracene type 

crystals the principle axes o f the electron and hole m obility tensors 

for both ovalene and circumanthracene are colinear and independent 

o f  the degree o f vibrational overlap. In addition, the calculated
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L M N

a 8 4 .8 4 4 .2 1 3 3 .7

b 8 5 . 6 4 6 .7 4 3 .7

c 6 . 9 9 6 . 8 8 9 . 6

Coronene

L M N

a 4 4 .7 7 8 .5 1 3 2 .4

b 5 1 .5 7 4 .4 4 2 .7

c 7 0 .8 1 6 0 .5 8 6 . 2

□ va len e

L M N

a 44.1 8 2 .4 1 2 8 . 7

b 5 4 .8 7 5 .8 3 8 .7

c 6 7 . 2 159.1 9 0 .0

CIrcum anthracene 

T a b le ( 6 . 9 )

O r ie n ta t io n  o f  th e  m o le cu la r  axes L, M and N 

t o  th e  c r y s t a l  axes a ,b  and c .



I I I  Coronene I I I O valene C ircum anthracene

Elem ent V ib r a t io n a l  E le c tr o n E le c tr o n H ole H ole E le c tr o n H ole E le c tr o r 1 H ole

o A
0 . 1 8 0 . 3 6 6 . 8 1 2 8 . 1 1 1 5 . 0 6 1 5 . 0 2 9 .9 6 9 .9 3

a* n
(1 .0 7 )

0 . 1
- 8 9 . 8 2

(3 .0 2 ) ( 4 . 8 0 ) (11.91 ) ( 1 5 . 0 8 ) ( 1 5 . 0 6 ) ( 1 0 . 0 0 ) (9 .9 3 )

o n
- 8 9 . 6 3 -8 3 .1 9 -61  . 8 9 7 4 .9 4 7 4 .9 7 8 0 . o 4 8 o .0 7

a. • u
( - 8 8 .9 3 )

COo\

VO001»W* ( - 8 5 .2 4 ) ( -7 0 .0 9 ) (7 4 .9 2 ) (7 4 .9 4 ) oo c . c c ( 8 0 . 0 4 )

G A O. 8 3 0 .2 7 3 0 .5 4 7 . 2 8 1 5 . 0 2 1 5 .0 3 9 . 9 8 9 .90
a« a

(1 -0 9 )
1 . 0

-8 9 .7 2

(1 .5 8 ) (3 0 .0 2 ) (3 .5 2 ) (15 .01  ) (1 5 .0 9 ) ( 1 0 . 0 6 ) (9 .91 )

o r* -8 9 .7 2 -5 9 .4 5 - 8 2 . 7 2 7 4 .9 8 7 4 .9 7 8 0 . 0 2 8 0 . 1 0
a* v

1 -3 vo -'■3 C 1 00 00 . -£=■ ro ( - 5 9 .9 8 ) ( - 8 6 .4 8 )  (7 4 .9 9 )

T a b le (6 . 10 )

(74 .91 ) ( 7 9 . 9 5 )

OvO•O00

O r ie n ta t io n  o f  th e  p r i n c i p l e  a x es  o f  th e  m o t i l i t y  t e n s o r  w ith  r e s p e c t  to  th e  c r y s t a l lo g r a p h ic  

ax es  a ,b  and c com puted u s in g  s in g le  S la t e r  fu n c t io n s  w ith  s cre e n in g  param eter ’? ' 3  30 .724 run’* .
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I  I I  C oron en e* ! I I  O va lene* O valene**

Element V ib r a t io n a l
O v erla p

E le c t r o n E le c t r o n H ole H ole E le c tr o n H ole E le c tr o n H ole

Q A 9 .5 5 3 5 .8 3 2 .7 5 6 .1 0 15 .09 15.01 1 5 .1 0 15.03
d tn

0.1
(3 7 .8 1 ) (3 1 .1 4 ) (4 .3 0 ) (6 .1 6 ) (1 5 .1 0 ) (1 5 .0 9 ) (1 5 .0 8 ) (15.01 )

Q P
- 8 0 . 4 5 -5 4 .1 7 -8 7 .2 5 - 8 3 . 8 9 74.91 7 4 .9 2 7 4 .9 0 7 4 .9 7

cL • w
( - 5 2 .1 9 ) ( - 5 8 . 8 6 ) ( -8 5 .7 0 ) ( -8 3 .8 4 ) (7 4 .9 0 ) (7 4 .9 1 ) (7 4 .9 2 ) (7 4 .9 7 )

0 A 3 8 .8 3 2 1 .4 5 3 0 .7 9 1 .8 7 15.01 14 .94 15.01 14 .90
cl • A

1 .0
(3 3 .2 4 ) (2 0 .4 5 ) (2 4 .0 3 ) (2 .2 5 ) ( 1 5 . 0 1 ) (1 4 .9 5 ) ( 1 5 . 0 1 ) (1 4 .7 0 )

0 P
-5 1 .7 4 -6 8 .5 5 -5 9 .2 1 -8 8 .1 3 7 4 .9 9  . 7 5 .0 6 7 4 .9 9 7 5 .1 0

a* v
( - 5 6 .7 6 ) ( -6 9 .1 5 ) ( -6 5 .9 7 ) ( -8 7 .5 3 ) (7 4 .9 9 ) (7 5 .0 5 ) (7 4 .9 9 . (7 5 .3 8 )

T a b le (6 .1 0 )  c o n t .

O r ie n t a t io n  o f  th e  p r i n c i p l e  a x es  o f  th e  m o b i l i t y  t e n s o r  w ith  r e s p e c t  to  th e  c r y s t a l lo g r a p h ic  

a x es  a ,b  and £ .

♦ com puted u s in g  s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eter S'«* 2 4 .56 5  nnf' *

♦♦computed u s in g  s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eter^  «  2 2 . 6 7 6  nm”1 .
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c c 1 )  ( 0 , 1 , 0 ) ( 0 , 1 , 1 ) C i , i , o ) (a , a,1 )

E le c tr o n 54 8 .9 2 2 6 o 6 . 01 7 . 1 2 57 .10 6 .3 4

Hole 734.21 4741 .29 1 3 . 2 1 2 6 .1 4 13 .17

T ra n s fe r in t e g r a ls * f o r  e x ce ss e le c t r o n s and h o le s in  ova len e

computed u s in g  s in g le  S la t e r  fu n c t io n s  w ith  s c r e e n in g  param eter

«  2 2 .7  nm

+
E (k Ha"*) 

4"
E ( k  Jib"') 

+
E ( k  lie* **)

E le c tr o n H ole

0 .0 2 5 6 0 .0 0 5 2

0 .0 25 6 0 .0 0 5 2

1 . 0 7 6 7 1 .8799

1 .0254 1 .8695

0 .2 3 3 7 0 . 3 2 6 0

0 .2 2 2 7 0 .3 0 4 9

Energy bandw idths** o f  e x c e s s  e le c t r o n s  and h o le s  in  o v a le n e .

E le c tr o n  Hole

V ib r a t io n a l
O verlap

0.1 0 .5 1 .0 0 .1 0 .5 1 .0

<vbvb>**** 5 8 0 . 6 2  3 3 3 4 . 2 0  -!|1 6 0 .4 0 9 9 4 . 3 6  2 2 9 0 . 4 84 8 .6 0

< v b v b /v (k )> * * * 1 4 .6 3 2 4 .2 4 1 8 . 7 8 1 5 . 8 1 1 0 . 1 8 1 .93

^aa 0 .0 2 0 . 0 6 0 . 1 1 0 .0 2 0 . 1 6 1 .0 5

^bb (0 . 0 3 ) (0 .0 9 ) ( 0 . 2 0 ) (0 .0 5 ) ( 0 . 4 9 ) (4 .1 6 )

ijlC - 0 . 2 3 0 .7 7 1 . 5 6 0 .2 9 1 .9 9 11.51

^bb (0 .3 3 ) (1 .2 9 ) ( 2 . 7 9 ) (0 .5 8 ) (4 .5 4 ) (2 7 .7 9 )

- 0 . 0 6 -0 .2 1 -Ü . 4 9 -O .O 8 -0 .5 3 -2 .9 9

* bb 1 c • c O'» ( - 0 .3 5 ) ( - 0 . 7 5 ) ( - 0 . 1 6 ) ( - 1 .6 8 ) ( - 6 .6 7 )

M o b i l i t y  r a t i o s .  

T a b le (6 .1 1 )

* u n i t s :  1 » -4  eV.

* *  u n it s  : eV .

*** u n it s  : 1»3 m /s e c .

T jo6 m3/ s e c a .* * * * u n its  :
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values o f aA and aC are the same whether the screening parameter 

5 ■ 30»7 nm“ 1 or C ■ 24,6 nm” 1 are used even though the 

m obility ratios and wc »c » /ub have chan8ed by a factor

o f about 10« Thus i t  appears that, for ovalene at least, the 

relative orientations o f the principle axes are independent o f  both 

vibrational overlap factor and screening parameter« To test this 

statement further the elements o f the m obility tensor have been 

calculated using screening parameter C ■ 22«7 nm"1, The transfer 

integrals, energy band widths and ratios o f the components o f the 

m obility tensor are given in table (6 ,11). The values o f elements 

aA and aC are consistent with those obtained using the previous 

two screening parameters indicating that the e ffe c t  arises as a 

result o f the crystal structure and relative orientation o f  the 

molecules within the unit c e l l .  This is  further substantiated by 

the correlation between the angles ji.jC , Aoc’ o f the m obility 

tensor with the angles _a»M and L.^c' (Cof. tables (5o9) and 

table (5 ,10 )), where H and L are the molecular axes of the 

molecule. Thus the principle axes o f the m obility tensor A and C 

approximately l ie  along the molecular axis M and L , and the 

remaining axis J5 is coincident with the crystallographic axis Jj , 

Similar correlations are observed for  circumanthracene, however, 

possibly due to band-band interactions the above e ffects  are not 

observed in coronene,

6,5 Comparison o f theory with experiment

Assuming the energy band model to be applicable to the 

conduction mechanism in coronene type crystals, then, by the methods 

described in Chapter (3 ), the relationship between the minimum value 

of the mobility and the energy band width is  s
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« v .  v. >>l l ( 6 . 2 )

The m obilities calculated in this way are found to vary approximately 

as the vibrational overlap factor and hence i t  would be an 

advantage to have some idea of the magnitude o f  this factor.

M iller and Murrell (131) have shown that a common Franck-Condon factor, 

which is  essentially the square o f the vibrational overlap integral 

between the ground and f ir s t  e lectron ic excited states, can be used 

to calculate the vibrational envelopes o f a series o f condensed 

aromatic hydrocarbons. Assuming a sim ilar situation to exist for 

the vibrational overlap integral between the neutral molecule and 

the ionised states then the value of the factor |<X°IX1>12 w ill 

be o f the order 0.5 (74). The va lid ity  o f this assumption does not 

e ffe c t  the general conclusions in the following discussion.

Using the value |<x®IX^>12 “  0.5 together with the energy 

band widths o f  table (6 .5) and table (6.6) and the mean square 

ve loc ities  given in table (6.8) and table (6.7) the minimum values 

o f  the m obility, y ^  » electrons and holes in coronene are 

1.5 (4 .1) and 4.6 (6.3) cm2/v o lt .s e c .,  respectively, where the 

figures in parentheses refer to values calculated using screening 

parameter C ■ 24.6 nm l . The electron and hole m obilities in each 

o f the pairs o f energy bands are approximately equal.

Assuming the conductivity to be in tr in sic  and not affected 

by traps then (205)

where ao is  the pre-exponential factor, N0e and Nflh are the 

e ffe ct iv e  densities o f  states o f the electron -  hole conduction

(6.3)
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bands, and yg and are the m obilities o f  free electrons and

holes respectively» Theoretical considerations o f Le Blanc on 

anthracene led to approximately equal densities o f  states for holes 

and electrons so that equation (6»3) reduces to :

OO -  e Nd^  + yg) (6.4)

where Nq is the geometric mean o f  Nq and Nn and e is  thee h
charge on the free electron» Quantitatively N0 is  about twice the 

molecular density and hence for coronene N0 ■ 2 .6 1021 cm“ 3 »

Equation (6.4) can be extended to conduction at any temperature, T ,. 

in which case

o . -  e N(pe + ph) (6.5)

where N « Nq exp(E/2 kgT) ; E is the experimentally measured energy 

gap. Thus, for coronene at 15°C, using the values E(||ab) (193) and 

E(J  ̂ab) (193). N0 has the values 6o6jo12 cm“ 3 and 2 .4 joi2  cm“ 3 giving 

values o f 6 io l2 ( l io l l )  ft-cm and 2 iq15(1io14) fi-cm for the 

re s is tiv ity  parallel and perpendicular to the ab plane respectively» 

As before the figures in parentheses refer to value calculated using 

5 -  24.6 nm“ 1. The value o f  N is  extremely sensitive to both E and 

T and in view o f  this the values o f the resis tiv ity  can be considered 

in reasonable agreement with the observed values o f  1jq12—1xq13 Q-cm. 

and 1 io17-1io18 n-cm. for the res is tiv ity  para llel and perpendicular 

to the _ab plane respectively.

The e ffective  density o f  states, N0 , in circumanthracene 

is 1081021 cm“ 3 and the calculated m obilities along the b axis 

are 1.2 and 1.9 cm^/voltosec. for electrons and holes respectively» 

Using the value E ■ 1.8 eV (196) the calculated re s is t iv it ie s  p(||b) 

is  6 iq12 n-cm which is  in good agreement with the observed value (196).
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Similarly using values o f the mobility and energy gap in the ab 

plane the predicted res is tiv ity  o f 7iq13 A-cm. is  in good agreement 

with the observed value o f 2 .5 1q^3 ft-cm. (196). However, the 

predicted res is tiv ity , calculated using E -  1.7 eV, o f 3] q13 fi-cm. is 

four orders o f  magnitude too low. This vast discrepancy between 

theory and experiment cannot be explained in terms o f  an error in 

the calculated mobility since to give the observed res is tiv ity  would 

require a m obility o f  the order l io ” 5 cm /v o lt .s e c . which is  several 

orders o f magnitude lower than those normally observed in materials 

of this type. Hence the discrepancy must l ie  either in an error in 

the observed value o f E or to a breakdown o f equation (6.5) due to 

trapping e ffe c ts .

A sim ilar situation is  encountered in the case of crystalline 

ovalene where the calculated value of the res is tiv ity , in the absence 

o f trapping e ffe cts , using E ■ 1,13 eV. (194, 195) is o f the order 

l l „ 7  ft-cm. which is  about 8 orders o f magnitude lower than observed 

experimentally. I f ,  however, one uses a value E -  1,8 eV., 

intermediate between the values fo r  coronene and circumanthracene, 

the resulting value for the res is tiv ity  o f  p (((ab ) - 6iq13 ft-cm. is  in 

much better agreement with experiment. This infers that the value of 

E determined by Inokuchi et al (195, 196) represents a trap depth 

rather than a band gap giving ■ 0.59 eV. Using equation (6.5) 

in reverse, the number o f  free carriers, at room temperature, 

required to give the observed res is tiv ity  is  of the order ljo^  cm3 

thus the e ffe ctiv e  density o f states, N0 , is  o f the order 

3iq14 cm“ 3 which is  o f  a sim ilar order o f magnitude to that observed 

in phenanthracene under space charge limited conditions (128).

Conclusion

about

The energy band structures o f coronene, ovalene and 

circumanthracene have been calculated in the t ig i t  binding approximation
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using single Slater functions to represent the carbon atomic orbitals» 

The energy band structures o f both excess electrons and holes in 

crystalline coronene consist o f two sets o f  energy bands, corresponding 

to the two degenerate molecular energy levels^in the free molecule, 

which exhibit a h ig i degree o f anisotropy with an average width 

- 0»05 eV* The energy dependence on the wave vector for k parallel 

to b“ 1 has several unusual features, hcwevey, the behaviour can be 

understood in terms o f energy band-band interactions. Minimum values 

of the m obility, calculated such that the uncertainty principle is  

not violated, are 1.5 (4.1) cm2/v o lt .s e c . and 3.5 (6,3) cm2/v o lt .s e c . ,  

along the t>-1 axis for  electrons and holes respectively, and the 

m obilities along the remaining axes are related to this through

yaa “ Vc , c ' * 1000 ( l o o )  b̂b

where the figures in parenthesis refer to values calculated using 

x, -  24.6 nm"1.

The energy band structures o f ovalene and circumanthracene are 

comparatively simple, again showing a high degree o f  anisotropy and 

large band width. I t  is  noted that the energy bands along the b"'1 

axis should be o f su ffic ien t width (* 0.1 eV) to e ffe ctiv e ly  loca lize  

excess carriers around the band minimum thus removing the anomolous 

e le c tr ica l and magnetic e ffects  observed in anthracene type crystals. 

Minimum values o f the m obility along the b“ 1 axis are 2.8 (3.1) 

and 3.8 (2.7) cn^ /volt.sec. for excess electrons and holes in ovalene, 

respectively, and 1.2 and 1.9 cm2/v o lt .s e c . fo r  excess electrons and 

holes in circumanthracene. Approximate values fo r  the m obilities 

along the two remaining axes can be obtained through the relations

» a  * T o  “ c c  * T o  “ bb  £ o r  °v a le n e

“ .a  ‘  l o  “ cc ’  'Jo “bb for  circumanthracene.and
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The mobility anisotropy o f  ovalene, calculated using C -  24.6 nm“ 1, is  

very sensitive to the vibrational overlap factor and the above 

equation only holds for [<x®IX^>12 ■ 0.1 ; for  the mobility

ratios for higher values of the vibrational overlap factor 

table (6 .8) should be consulted.

In summary the energy band widths and carrier m obilities o f 

condensed aromatic polyacenes are considerably larger than those 

previously obtained for  lower aromatic hydrocarbons. I t  should be 

noted that the values o f the m obility reported here represent the lower 

lim it and simple hopping calculations o f the type used on anthracene 

predict a value o f the order 10 cm2/v o lt .s e c .
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CHAPTER (7)

On the carrier m obilities in crystalline g-phenazine.

7»1 Introduction«

7»2 Molecular orb ita ls .

7«3 Numerical calculations.

7,4 Mobility tensor«

( i )  M obilities in the band approximation.

( i i )  M obilities in the localized representation.

7.5 Conclusion
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7*1 Intraduction

In the previous calculations reported in this thesis the molecular 

orb ita l coefficien ts o f the molecules in question have been calculated 

using the Hueckel approximation, an approximation which is  known to give 

reasonable agreement when used to calculate physical properties of 

aromatic hydrocarbons. For heterocyclic molecules, however, the 

Hueckel approximation is much less reliable and when calculating the 

physical properties of such molecules SCF-LCAO-MO theory is  generally 

used. In the present calculations the MO's representing the wave 

function o f  the positive or negative molecular ions have been 

obtained from solutions to the corresponding ground state problem.

Fraga and Ransil (207) have noted that this approximation w ill lead to 

results that are not better than, and probably poorer than, the 

ground state, but which are s t i l l  qualitatively useful.

As a basis for  calculating the ir-MD’ s o f heterocyclic molecules 

use has been made of the Roothaan LCAO-SCF equations (147) suitably 

sim plified by the "neglect o f d ifferen tia l overlap" approximation 

(144, 145). This involves the neglect o f products of pairs o f 

d ifferen t atomic orbitals in certain electron interaction integrals.

This kind of treatment is  intermediate in complexity between fu ll 

LCAO-SCF calculations for ir electrons and the very simple Hueckel 

approach which does not take into account electron interactions in 

any e x p lic it  manner.

Several methods have been derived for estimating the 

parameters needed in SCF calculations, thus introducing a certain 

degree o f  uncertainty into the molecular orb ita l co e ffic ien ts .

I t  is  the ob ject o f this chapter to determine what e ffe cts  the 

use o f d ifferent parameters have when the resulting molecular 

orbitals are used in mobility calculations.
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In the absence o f any experimental data relating to the 

conduction mechanism in a-phenazine the carrier m obilities have 

been calculated using both the energy band and hopping models# The 

atomic wave functions o f the carbon and nitrogen atoms are 

represented as single Slater functions using the normal screening 

parameters#

7.2 Molecular Orbitals

The molecular orbitals and energy levels were calculated using 

the LCAO-SCF-MO method with the sim plifications introduced by 

Fariser and Parr (144) and Pople(145). The method assumes that the 

pi-electrons can be treated apart from the sigma-electrons, the 

p i-electrons moving in an e ffective  fie ld  due to the core region 

composed o f sigma electrons and nuclei . Parr (146) has given a 

set o f  sigmarpi separstability conditions which the wave functions 

o f a set o f molecular states must sa tis fy  in order that they can be 

treated separately. In the pi-electron  approximation correlation 

energies between the sigma and pi-electrons are necessarily 

neglected and the sigma parts o f the wave functions are assumed to 

be invariant o f the molecular state.

The Hamiltonian for a system containing 2n pi-electrons can 

be written :

Hir
2n
I

i-1
H ( i )  core

2n
(7.1)

where * ^ ^ ( 0  “  T (i) + ^core^ )  i-8 t îe k in etic  energy operator

for electron i  plus its  potential energy in the fie ld  o f the core.

The ground state wave function for a molecule with a closed 

sh ell is  written as a single, normalised, Slater determinant :

»0 det |$i 1>2 $2 (7.2)
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where 4>. “  ij>. a and -  i)». g are molecular spin orbitals» In

the LCAO approximation the molecular erystal a are assumed to be

linear combinations o f a basis set of m-atomic orb ita ls. d> :* ry
m

(7.3)

The atomic orbitals are centred, one to each atom, on the various

atoms contributing pi-electrons to the system under consideration»

They are mutually orthogonal orbitals o f such a nature that 

d ifferen tia l overlap is  negligable. Although their exact analytical 

form is  unknown they may be expected to resent»le deformed 2pIT
orb ita ls .

A procedure for the determination o f the coefficien ts c ^  

which minimise the total p i-e lectron ic  energy, E0 -  JV* f 0 dr » 

has been given by Roothaan (147). However, the calculations are 

very tedious. The equations can be sim plified considerably by the 

introduction o f the zero d ifferen tia l overlap (Z,D»0») approximation 

as suggested by Pariser and Parr (144) and Pople (145). The Z.D.O. 

approximation can be expressed as :

<J>*(i) 4>v ( i )  di-(i) -  0 ; (y j* v) (7»4)

I t  is  rather d i f f ic u lt  to determine theoretically whether or not the 

Z.D.O. assumption is  a ju s tifia b le  approximation, however, for 

hydrocarbons i t  appears to be a good f ir s t  approximation but for 

heterocyclic molecules where the distribution o f electrons is not 

so uniform one would expect overlap e ffects  to play a greater 

role (146.)*

Within the Z.D.O» approximation, the coeffic ien ts  c.^ and 

molecular orb ita l energies are the eigenvectors and eigenvalues
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Fo f the Hartree -  Fock matrix h whose elements are given by :

. F 1 r
"  “ y + 2 Pyy Yyy + v^y Pvv Yyv ^7*5^

hyv " e y v ' i Py v Yyv *  v) <7 ‘ 6)

In these equations the quantity ay is the one-centre core matrix 

defined by :

a -  J<t> *(1) H (1) 4 ( 1 )  dv(l) (7.7)
M  ̂ core ^

the quantity 8yy is the two-centre core matrix or resonance 

integral defined by :

6 -  [♦ *(1) H (1) ¿ ( 1 )  dv(l) (7.8)
y J M core

the quantity yyv is the coulomb repulsion integral defined by :

Yyv "  i V (1) K * (2 )  <i>y (1) K (2)  dv(1) dv(2) (7o9)

and Pyy is  an element o f the charge density -  band order matrix 

P defined by :

Pyv 2 l  c^cVu ( 1, 1occupied
orbitals

(7 o10)

The integral oty o f equation (7) can be expanded according to 

Goepert -  Meyer and Sklar(202)as :

a ** W
y y l (yy : v) + zy Yyv (7.11)
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where z  ̂ is  the number o f electrons contributed to the pi-electron  

system by atom v * The penetration integrals (pp : v) are usually 

neglected» I f ,  as suggested by McWeeny and Peacock (148), we choose 

the energy zero for the molecular orbital energies as

e0 W + i  Y (0)2 Ycc

then the Hartree -  Fock Hamiltonian hr assumes the form 2

hF
PP

6u> +P
1
2 P yPP PP

1
2 I (Pvv -  z )V pv (7.12)

hF
pv pv _  p y *2 yv 1yv * (P t  v) (7.13)

where dm ■ W -  W . Here W measures the electron a ffin ity  y y c p 3
o f the single framework ion at p and takes the value W for ac
carbon atom; while Y ^  is  the value of y also for a carboncc pp

• Fatom. The energy zero is  then such that h ■ 0 for a carbon atom
y

in an alternant hydrocarbon. Because h depends on P , and hence

on the C£W’ S t 30 iterative calculation must be used to determine the

c ^ 's  and e ^ s  . A procedure for  the d irect iteration  o f the

matrix R (■ P) u tilis in g  the method o f steepest descents has been

proposed by McWeeny (149). As i t  only involves the manipulation o f

matrices, i t  is  particularly adaptable for  e lectron ic computation.

The entire procedure was programmed in K.D.F.9 A lgol, the input data

consisting o f  the numerical values for  z , 6to , 8  and yU p y v ' pv
defined by equation (7 .11), (7 ,14), (7 .8 ), and (7 .9) and an in it ia l  

estimate o f  the matrix P . At the end o f each descent the 

idempotency o f R was restored according to McWeeny's procedure 

(149). The procedure was regarded as s e lf  consistent when successive 

iterations did not change any of the elements o f R by more than
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l 10-4* The eigenvectors and eigenvalues o f the s e lf  consistent 

Hamiltonian hF were determined by diagonalising the matrix hF 

u tilis in g  Householders method of rotations as developed by 

Wilkinson (150). The Algol text o f the program is given in 

appendix (4) together with more detailed instructions for the 

construction o f the data tape«

The energy levels o f phenazine have been calculated using 

the coulonb integral parameters y o f McWeeny and Peacock (148) 

and Nishimoto and Forster (152) with the o f f  diagonal elements 

calculated using the method o f Mataga and Nishimoto (153). In 

addition y have also been calculated using the Ohno 

approximation 0-54) and the integral o f values of McWeeny and 

Peacock (148). In the construction o f the resonance integral 

matrix i t  is assumed that » 0 i f  u and v are not directly

bonded and for  adjacent atoms the values o f Linderberg (156) have 

been used.

The molecular orbital coefficien ts o f thé excess electron and 

hole together with the electron densities o f the neutral molecule, 

calculated using the above three sets o f parameters are listed  in 

table (7 .1 ) . Since i t  is the object o f  this chapter to show that 

d ifferen t, but reasonable, values o f the integral parameters do not 

drastica lly  alter the general results in band structure calculations 

no attempt has been made to test the quality o f the molecular 

orb ita l by computing the e lectron ic, or physical, properties o f the 

isolated molecule. However, a ll sets o f parameters have been shown 

to give reasonable results when used in calculations on pyridine 

(148, 152). The points o f in terest for  band structure calculations 

are that the three sets o f wave functions are o f  the same symmetry 

and the corresponding molecular orbital coeffic ien ts  are o f the same 

sign varying only in magnitude.
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I II III

'f-j ^ 8
Electron
Density •f' 7 * 8

Electron
Density * 7 ^ 8

Electron
Density

Symmetry AxSy SxSy AxSy SxSy AxSy SxSy
1 0 .0 7 6 7 2 - 0 . 1 5 7 3 6 0 .9 5 5 3 8 0 . 0 7 1 5 3 - 0 . 1 7 8 8 6 0 . 9 6 7 5 7 0 . 0 1 2 9 7 - 0 . 1 9 7 3 0 0 .9 1 2 9 5

2 -0 .2 93 9 9 - 0 . 2 7 8 7 5 1.00083 -0 .2 9 7 0 4 - 0 . 2 7 5 5 7 O.99786 -0.33317 - 0 . 2 2 0 6 5 0 .9 95 3 3

3 -0 .2 0 8 7 6 0 .2 0 1 4 7 0 .9 9 7 2 5 -0 .2 0 560 0 . 1 9 7 7 0 O .9 936 7 - 0 . 2 1 6 6 4 0.20000 0 .9 8 7 7 5

7 0 .7 7 8 6 7 0 . 7 9 8 1 3 1.09938 0 .4 8 247 0.50730 1 .08799 0 .4 2930 0 . 4 9 5 1 7 1 . 2 1 5 0 6

I Integral parameters from McWeeny(155). * ij calculated usins Mataga-Nishimoto approximation.
II Integral parameters from McWeeny(1 55) • 2fij calculated using Ohno approximation.
III Integral parameters from Nishimoto-Forster(152) . Xij calculated using Mataga-Nishimoto approximation.

T a b l e ( 7 . l )

Molecular orbital coefficients of the highest occupied and lowest un^occupied orbitals and electron 
densities of the neutral molecule in phenazine.
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7»3 Numerical calculations

The crystal and molecular structure o f a-phenazine has been

studied both at room temperature and 80°k (157 - .  159) > The crystal

structure is  base centred monoclinic o f  space group V 2 \ f & ( C ^ )  0

Hie main feature o f the molecular packing may be visualized in terms

of molecular "stacks” which consist o f molecules separated by unit

translations along 0 1 0  . Each molecule has three kinds o f  near
#

neighbours s those within its  own stack, those in stacks separated 

by unit translation along 0 0 1  and those in stacks generated by 

a glide plane. Within each stack the molecules are para lle l, 

separated by interplanar distance of 0.349 nm, and are staggered in 

such away as to minimise overlap. The shortest distance o f approach 

between carbon atoms separated by the length o f  the c-axis is 

0.373 nm and in the molecule related by the glide plane 0.382 nm„

The molecules are inclined to the (0 1 0) plane at an angle of about 

45° and thus molecules in stacks related by the glide plane are 

approximately perpendicular. The molecular arrangement in 

a-phenazine is  closely sim ilar to coronene and ovalene (161, 162), a 

sim ilarity  which is  reflected  in the magnitudes o f  the principle 

transfer in tegrals. Whereas in anthracene the conduction along the 

b“ 1 axis occurs jo in tly  through the interactions o f the molecule at 

(0 , 0, 0) and those at (0, 1, 0) and ( j ,  j ,  0) in a-phenazine and 

coronene, the la tter interaction is much smaller than the former.

However, the interaction (J, J, 0) together with the interaction (J , J, 1), 

which is also considerably smaller than (0, 1, 0) give rise to 

conduction along the ja-axis. Hence the energy bands in phenazine 

w il l  exhibit a much higher degree o f anisotropy in the ab plane 

than in crystals having an anthracene type structure. In calculations 

based on a hopping model the degree o f anisotropy may be lowered by
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the high quadratic moments o f the smaller distribution functions»

Using the molecular orbital coefficien ts o f section (2 ), the 

transfer integrals between the molecule at (0, 0, 0) and near 

neighbours have been calculated using the crystal data refined at 

80 °K. In addition the transfer integrals have been calculated using 

the molecular orbitals coe fficien ts o f set I and the room temperature 

crystal data» Due to the heterocyclic nature o f phenazine the 

interactions between the molecule at the origin and the molecule at 

the general positions (nj , m ^  , Z) and (n| , -m| , Z) are no 

longer equivalent. The transfer and overlap integrals *for the excess 

electron and hole are given in table (7.3) and table (7»2) respectively» 

The results o f the calculations using the coefficien ts o f  sets I and II 

are extremely sim ilar and show a strong correlation with the results 

o f set I I I  and, as was predicted on the basis o f crystal structure, 

the anisotropy o f the transfer integrals bears l i t t le  resemblence to 

anthracene while showing a strong correlation to coronene type 

crystals (see chapter (6 ) ) .

The energy dependence on wave vector, , for oi-phenazine can 

be written :

Ej(k) -  2EZ cos(jc o _c) + 2E3 cos(k » b)

+ 2E4 (cos(k » (b +_c)) + cos(k . (b « jc )))

+ 2E5 cos(k » _a) + 2Eg cos Qc « (£ + j0 )

+ 2E7 (cosOc o (a + t>)) + cos(k . (a -  ¿ ) ) )

+ 2E3 (cos(lc o ( f  + + c )) + cos(k(a -  b_ + jc )))

± 2Eg cos(Jk . j(a  + b ))

± 2E10 cos(k o ( i (_a + b_) + c)

± 2En cos(k . J(^ ”  M )

± 2E12 cos (k 0 ( $a -  £ ) + c) .



I II III I

Position Transfer Overlap Transfer Overlap Transfer Overlap Transfer Overlap

*oo 1 1 6 . 0 1 -3 .0 1 15 .77 - 2 . 9 8 1 2 .8 9 - 2 .5 7 1 6 . 6 7 - 3 .1 3

0 ,  1 , 0 - 7 0 .9 4 1 1 .1 3 - 7 0 . 8O 11 .2 3 -9 4 .8 1 1 6 . 6 l - 5 8 . 1 6 9 .3 8

0, 1, 1 - 0 . 2 9 0 . 1 6 - 0 . 3 1 0 .1 7 - 1 .2 3 0 .3 4 - 0 . 1 9 0 . 1 8

b 0 7 .1 9 1 .2 5 7 . 2 0 1 .2 5 5 .7 0 1 .0 2 5 .4 6 1 .04

i » 0 5 .2 5 1 .2 5 5 .2 9 1 .2 5 5 .7 0 1 .0 2 3 .72 1 .04

i* b 1 -1 9 .7 9 - 3 .5 7 -2 0 .4 0 - 3 .6 9 - 1 8 . 6 7 - 3 .4 3 - 1 6 . 2 9 -3 .4 5

if- b 1 -1 9 .4 2 - 3 .5 7 - 2 0 . 3 2 ' - 3 .6 9 -1 8 .3 5 -3 .4 3 -1 5 .9 3 -3 .4 5

T a b le ( 7 .2 )

T ra n s fe r*  and o v e r la p * *  in t e g r a ls  f o r  e x ce ss  h o le s  in  ph enazine.T he Roman numerals 

r e f e r  t o  th e  s e t s  o f  m o le cu la r  o r b i t a l  c o e f f i c i e n t s  o f  t a b l e ( 7 * 1 ) .The f i r s t  th ree  

s e t s  o f  f i g u r e s  were c a lc u la t e d  u s in g  c r y s t a l  data  o b ta in e d  a t  80 K ,th e  fo u r th  

a t  room te m p e ra tu re .

* u n it s  : 110-4 eV .

* * u n it s  :1 io -4 .
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I II III I
P o s it io n T ra n s fe r O verlap Trans f e r O verlap T ra n s fe r O verlap T ra n s fe r O verlap

*o*o

1 - 2 3 . 0 2 4 .5 2 -2 2 .4 7 4 .5 0 -2 0 .9 8 4 .3 3 -2 3 .9 6 4.71

0 ,  1 , 0 2 6 8 .5 2 -5 0 .8 7 2 6 5 . 0 9 -5 0 .5 1 2 9 1 . 0 2 -5 7 .5 3 2 7 3 .3 2 -4 5 .5 1

0 , 1 , 1 2 6 . 7 0 5 . 0 0 - 2 6 . 8O 5 .0 3 - 3 2 . 8 1 6 . 1 1 -2 3 .5 2 4 .5 8

0 2 3 .8 8 - 3 . 6 6 23.31 -3 .6 1 21 . 5 8 - 3 .7 8 1 7 . 6 0 - 2 .6 5

1  > 0 1 3 . 0 8 - 3 . 6 6 1 2 . 8 2 - 3 . 6 1 13 .77 - 3 .7 8 8 . 8 8 -2 .6 5

4" » 1 - 4 .6 6 1 .4 5 -4 .7 5 1 .4 8 - 5 . 6 8 1 . 7 6 -7 .6 6 1.38

1 * 4  > 1 - 4 .6 6 1 .4 5 - 4 .7 7 1 .4 8 - 5 .6 8 1.76 -7 .6 4 1 .38

T a b le ( 7 .3 )

T ra n s fe r*  and o v e r la p * *  I n t e g r a ls  f o r  e x ce ss  e le c t r o n s  In ph enazine.T he Roman numerals 

r e f e r  t o  the s e t s  o f  m o le cu la r  o r b i t a l  c o e f f i c i e n t s  o f  t a b l e (7 » 1 ).T h e  f i r s t  th ree  

s e t s  o f  f i g u r e s  w ere c a lc u la t e d  u s in g  c r y s t a l  data  o b ta in e d  a t 80* K ,th e  fo u r th  

a t  room te m p e ra tu re .

* u n it s  : 1io-4 eV .

* * u n it s  : 1io-4.

1
8
3
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The numbering o f  the molecules in the crystal is  shown in figure (7 .2 ). 

The energy band structures of excess electrons and holes along the 

inverse a. , Ij and c axes are illustrated  in figures (7<>3) and 

figure (7.4) and the energy band widths are given in table (7 .4 ) .

The energy band widths computed .using the three sets 

o f transfer integrals are extremely sim ilar, each showing the energy 

band to be highly anisotropic0 Comparisons with anthracene are . 

rather few, the energy band being sim ilar to those o f coronene and 

ovalene, however, there is a limited correlation between the band 

widths in phenazine along the ja and _c axes with those o f anthracene 

along the and axes corresponding to the approximately equal 

lengths o f these axes.

7.4 Mobility tensor

7»4(i) M obilities in the band approximation

In the energy band model the m obility tensor can be related to 

the nean square velocity  o f the carriers in the mean free time 

approximation through :

i j
e t 
k0T «V. V . »

1 J

and in the mean free path approximation s

vii '  t j i  <<vi V - <- )>>

where the symbols have their usual meanings (160). The components

o f the tensor <v v > and <v v /v(k)> and the ratios o f 
b" 1 b" 1 b“ 1 b” 1

the non-zero elements of the tensor to these are given in table (7 .5 ). 

The m obility o f excess electrons show a high degree o f anisotropy in 

both the be* and _ab planes whilst being practica lly  iso trop ic  in the 

ac plane. The value of the mean square ve loc ity  o f excess electrons



185 -

Fipure (7.1)

Schematic representation  o f  the unit c e l l  o f  a-nhenazine 

showing the numbering o f  the molecules with the unit c e l l .
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Energy band structure  o f  excess holes  in n-phenazine. 

The energy zero i s  a r b i t r a r i ly  chosen as the energy o f  

the lowest antibonding m olecular o r b i ta l  in the f r e e

m olecu le .
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Figure (7.3)

Energy band structure  o f  excess e lec tron s  in a-phenazinc. 

The energy zero  is  a r b i t r a r i ly  chosen as the energy o f  the 

h ighest  bonding molecular o r b i t a l  in the free  inolecule.
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Low temp. Room temp.
E l e c t r o n Hole E l e c t r o n Hole

+ o . o o  6 0 .0 0 5 0 .0 0 2 0 .0 0 5
E(k ¡1 a )

- 0 .0 0 6 0 .0 0 5 0 .0 0 2 0 .0 0 5

. + 0 . 1 2 3 0 .0 3 4 0 .0 7 4 0.028
E(klj  V )

- 0 . 1 3 4 0 .0 2 3 0 .0 7 8 0 .0 1 9

+ 0 . 0 1 6 0 .0 1 0 0 .0 2 2 0 .0 0 7
E (k  1/ c )

- o . o o 8 0 .0 2 2 0.0 3 5 0 .0 2 0

c 0 .0 1 9 0 .0 2 1 0 . 0 1 7 0 . 0 1 7
s p T i t t i n g  . . .

T a b l e (7 * 4 )

E n ergy  b a n d w i d t h s *  i n  c r y s t a l l i n e  p h e n a z i n e .

V ib r a t io n a l 0 . 1
E le c tr o n

0 .5 1 . 0 0 . 1
H ole
0 .5 1 . 0

O verlap
<vbvb>** 9 .3 8 3 138 .330  2 7 2 .4 90 0 . 6 5 8 15 .150 5 0 .0 2 7

< v b v b /v (k )> * * * 2 . 0 3 2 6 .4 6 8 7 .3 9 6 0 . 4 0 5 1 .999 3 .5 9 3

naa 0 . 0 8 0 .1 4 0 . 2 9 0 . 2 3 0 . 2 2 0 .2 4

( 0 . 0 9 ) ( 0 . 1 9 ) (0 .4 4 ) ( 0 . 2 2 ) ( 0 . 2 2 ) (0 .2 5 )

^cc 0 . 0 5 0 . 1 6 0 . 2 9 0 . 3 2 0 . 2 6 0 .2 3

^bb ( 0 . 0 9 ) (0 .2 4 ) (0 .4 4 ) , ( 0 . 3 0 ) (0 .2 4 ) ( 0 . 2 2 )

V ib r a t io n a l 0 . 1
E le c tr o n

0 .5 1 . 0

(a )

0 . 1
H ole
0 .5 1 . 0

O verlap
<vbvb>** 7 . 2 1 6 1 7 1 . 6 2 0  284.561 0 . 4 5 6 11 .32 4 4 8 .7 2 4

< v b v b /v (k )> * * * 1 .848 9 . 2 1 6 11 .224 0.331 1.671 2 .8 9 5

Maa 0 . 0 5 O. 0 5 0 . 0 5 0 . 2 2 0 . 2 1 0 . 2 0

Pbb ( 0 . 0 7 ) (0 .0 7 ) (0 .0 7 ) ( 0 . 2 2 ) ( 0 . 2 1 ) ( 0 . 2 2 )

Ucc . 0 . 0 5 0 . 0 3 0 .0 3 0 . 3 8 0 .3 6 0 .3 5

^bb ( 0 . 0 7 ) ( o . o 4 ) ( o . o 4 ) , { ° - 35) (0 .3 3 ) (0 .3 3 )
(b )

Table(7.5)

M o b il ity  r a t i o s  o f  e x c e s s  e le c t r o n s  and h o le s  in  ph enazine at 

- room (b ) and lo w (a ) tem p era tu res .

* u n i t s :  eV .

** u n i t s :  1 kj6  m“ /s e < f  •

* * * u n it s : 1»3  m / s e c .
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along the V ”1 axis is  about 5* the corresponding figure for 

anthracene and a similar behaviour is  observed for  the band widths 

giving rise  to

\ V iS T 1

Phenazine

minimum
Vib- 1

Anthracene

minimum

A sim ilar situation exists for  excess holes. I t  is  interesting to note 

for excess holes in a-phenazine ufi& > V>c »c i the reverse being true 

for  anthracene.

The ratios of the Hall to drift mobilities fo r  excess electrons 

and holes, calculated using the method o f Le Blanc (100) are, 

respectively, 7.885 and -32.126 at room temperature and 1.920 and -7.260 

at 8 0 ^ , with vibrational overlap factor 0 .1 . These results are very 

sim ilar to the values for anthracene and show the Hall mobility to be 

anomalous in both sign and magnitude.

7 .4 ( i i )  M obilities in the localized representation

The elements o f  the mobility tensor have been calculated using 

the method o f Glaeser and Berry (44). The quadratic moments o f the 

probability distributions T(r^) for  a-phenazine and anthracene at 

room temperature at 90°K are given in table (7 .6) and the jump 

p robab ilities , jump frequencies, - i -  , and diagonal elements o f the
i

m obility tensor are given in table (7 .8 ) and table (7 .7 ). Unlike the 

energy band model, the hopping model predicts the values for the hole 

m obility in phenazine to be very sim ilar, both in magnitude and in the 

degree o f anisotropy, to those o f anthracene. Correlation between the 

two sets o f electron m obilities are not quite so pronounced although, 

as predicted on the energy band model, there are some sim ilarities 

between the mobility along the _cf axis in phenazine apd that along 

the a axis in anthracene.



P henazine
M olecu le XX xy xz yy yz zz

0 , 0 , 1 5 .5 9 - -1 5 .8 0 - - 4 4 .6 5

oo - - - 2 5 . 6 1 - -

0 , 1 , 1 5 .5 9 -1 1 .9 7 -1 5 .8 0 2 5 . 6 1 3 3 . 8 2 4 4 .6 5

1 , 1 , 1 11 7 .8 3 - 7 2 .5 0 - - 4 4 .6 5

, 0 4 3 .6 9 1 6 .7 3 - 6 .4 0 - -

i i - , 1 1 8 . 1 1 1 0 . 7 4  2 8 . 3 6

Phenazine

6 .4 0 1 6 . 9 1 4 4 .6 5

(a )

M olecu le XX xy xz yy yz zz

•too

5 .4 3 - -1 5 .5 3 - - 4 4 .3 5

0 , 1 , 0 - - - 24 .81 - -

0 , 1 , 1 5 .4 3 - 1 1 . 6 1 -1 5 .5 3 24 .81 3 3 .1 7 4 4 .3 5

1 , 1 , 1 1 1 3 . 1 2 - 7 0 .8 3 - - 4 4 .3 5

£ , £ , o 4 2 .0 4 1 6 .1 5 - 6 . 2 0 - -

i  , 1 , 1 17 .24 1 0 .3 4 2 7 .6 5 6 . 2 0 16 .59 4 4 .3 5
(b )

T a b l e (7.6)

Quadratic moments of phenazine and anthracene at room(a 

*units: 1 io-2 nma .



XX
Anthrai^cene 

xy xz yy yz zz

4 0 .5 3 -5 8 .5 4 - 8 4 .5 5

- -  36 .557 - -

4 0 .5 3 -3 8 .4 4  -5 8 .5 4  3 6 .5 5 5 5 . 5 2 8 4 .5 5

4 .8 2 2 0 .1 9  - - -

1 8 .3 3 12 .92  -  9 .1 4 - -

4 .3 5 -6 .3 0  -1 9 .1 8  9 .1 4 2 7 . 7 6 8 4 .5 5

XX
Anthrancene 

xy xz yy yz zz

4 1 .9 3 -  -5 8 .5 7  - - 8 1 . 8 2

- 3 6 . 0 2 - -

4 1 .9 3 - 3 8 . 8 6  -5 8 .5 7  3 6 . 0 2 54 .29 8 1 . 8 2

3 .8 7 17 .80 - 8 1 . 8 2

1 7 . 8 2 12 .67  -  9.01 - -

5 . 0 8 - 6 . 7 6  -2 0 .3 9  9.01 27 .14 8 1 . 8 2

) and low(b) temeratures

190
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Anthrajricene
Molecule X (ri) i/ti ^(ri) 1/ti
0,0,1 0.143 1.613 0.001 0.010
0,1,0 0.497 5.626 0.303 5.6l
0,1,1 0.003 0.018 - 0.001
1,0,0 - - - 0.002
1,0,1 - - 0.004 0.074

± b ° 0.079 0.444 0.493 4.570
0.279 1.576 0.199 1.843

I
(a)

Anthracene
Molecule -tf (ri) l/ti ^(ri) 1/ti

c c 0 .0 6 8 2.313 0 .0 0 2 0.050

oo 0.678 22.957 0.164 4.383
0 ,1,1 0.1 34 2.275 - -

1,0,0 - - - 0.001

1,0,1 - - 0.001 0.015

£ 0.076 1.280 0.831 11.144

J, 4*1 0.044 O.741 0.003 0.034

Hole
(b)

Electron
I Anth. I Anth.

Average jump 1 .325 1.731 4.224 2.232
frequency ' ' '
No. of jumps 3.501 4.324 16.157 9.983

 ̂aa 0.06 0.09 0.17 0.31
V bb 0.11 0.15 0.70 0.27
I1 cc 0.13 0.14 O.36 0.01

Table(7.7)
Jump probabilities,Jump frequencies* and mobilities** 
in phenazine and anthracene at room temperature.
* units : 1 io12 sec 1.
**units: 1io-4 m^/volt-sec



I I I I  Anthracene

Molecule '« ( r i ) 1 / t i  't- ( r i ) 1 / t i is ( r i ) 1 / t i

0 ,0 ,1 0 .059 2.226 0 .0 4 9 2 .029 0.005 0.121

o*o 0 .686 25.975 0.686 28.152 O.O75 1.972

0,1  ,1 0.136 2 .5 8 3 0 .155 3.173 - -

1 ,0 ,0 - - - - - 0 .0 1 2

1 ,0,1 - - - - 0 .0 0 2 0.040

1 ,T ,0 0.094 1 .7 88 0.083 1 .710 0 .889 11.648

4-,£ ,i 0 .0 2 4 0.451 0.027 O.550 0.030 0.389
(a)

Molecule '« ( r i ) 1/ t i  v ( r i ) 1/ t i ec- ( r i ) l / t i

0 ,0,1 0 .1 5 5 1 . 5^9 0 .0 8 2 1 .246 0.004 0.102

Oo 0 .5 0 8 6.862 0 .6 0 0 9.171 0.221 5 .028

0 ,1  ,1 0 .0 0 4 0 .0 2 8 0.016 0.119 - 0.001

1 ,0 ,0 - - - - - 0.002

1 ,0 ,1 - - - - 0.004 0.098

0.089 0 .6 0 3 0.066 0 .5 0 3 0.570 6.400

j1 0 .2 8 4 1.914 0.236 1.806 0.201 2 .2 8 8

(b)
E lectron Hole

I I I I Anth. I I I I Anth

Average jump 4 .7 1 7  5*088 2.027 1.565 1.835 2.001
frequency

No. o f  jumps 18.492  20 .056 10.519 4.262 6.070 5 .264

 ̂ aa 0 . ’73 0 .74 1 .0 0 .2 9 0 .3 2 0 .3 7

* bb 2 .<34 3 .1 3 0.71 0 .4 6 0.76 0.49

cc 1.:30 1 .49 0 .18 0 .5 5 0 .6 5 0 .5 5

T able(7 . 8 )

Jump p r o b a b i l i t ie s , jump frequencies* and m ob ilit ie s**  

in  phenazine and anthracene at low tem perature.

* u n its : 1 ]o12 sec* •

**u n its  : 1 » -4  m ^ /v o lt-se c .



C on clu sion

The m obility tensor o f crystalline a-phenazine has been 

calculated using both the energy band and hopping models o f charge 

carrier transport» Three sets o f  integral parameters have been used 

to determine the orbital coefficien ts o f the isolated molecule which 

were then used to estimate the transfer integrals» The differences 

in these integrals was found to be very small.

The minimum value o f the mobility along the b axis in 

phenazine is  predicted, on the basis o f the energy band model, to be 

sim ilar to that o f anthracene with

Pbb * 5 * 3 »¿j  for  excess holes, while for excess

electrons -  20 yfla - 20 ycy  .

As in crystalline anthracene the ratio o f  the Hall to d r ift  mobility is 

predicted to be anomalous in both sign and magnitude, the numerical 

values being sim ilar to those o f the parent hydrocarbon.

On the basis of the hopping model, the magnitude of the hole 

mbbility along the £  axis is sim ilar to the corresponding value for 

anthracene, the m obilities along the remaining axes being related 

through

U, t, '  V •» '  2 p dd cc aa

while the electron mobility along the t> axis is predicted to be 

about three times that o f anthracene with
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CHAPTER (8)

On the energy band structure and carrier m obilities 

in crystalline 8-phthalocyanine.

8.1 . Introduction*

8.2 Molecular O rbitals,

8.3 Energy band structure.

8.4 Numerical calculations,

8.5 M obility tensor.

( i )  General.

( i i )  Hall mobility.

( i i i )  Validity o f the energy band model.

(iv ) M obilities in the localized representation.

8.6 Conclusion
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8*1 Introduction

The phthalocyanine molecular structure is b u ilt  on the porphyrin 

ring system which is a basis of many naturally occurring compounds o f 

b io log ica l in terest. This, together with its  high s ta b ility  and 

relative ease o f purification , has led to extensive study o f  its  

e le c tr ica l properties. Together with its  copper derivative,

3-phthalocyanine is one o f the relatively  few organic crystals to have 

found application in the so lid  state fie ld  (163 -  165). In spite of 

th is, at the instigation o f these calculations very l i t t le  theoretical 

work had been reported concerning the mechanism of charge carrier 

transport.

The applicability  o f  the band model to the transport mechanism 

in metal free phthalocyanine has been suggested by Heilmeier, Warfield 

and Harrison (166), who, from Hall e ffe c t  measurements and expressions 

applicable to wide band semiconductors, estimated the number o f free 

carriers in phthalocyanine single crystals to be 2 to 12106 cm"3, in 

agreement with the value ljo^ to 1jq7 derived from bulk measurements 

in single crystals. In addition, using the method of Frohlich and 

Sewell (84) and the experimental value o f the band width, they 

calculated a Hall mobility o f 0.2 cm2/v o lt .s e c . which is in good 

agreement with their experimental value o f 0.1 to 0.4 cm2/v o lt .s e c . 

More recently Barbe and Westgate (167) have successfully used 

equations based on the energy band model to interpret bulk trapping 

states in 0 -phthalocyanine single crystals.

The thermal activation energy for e le c tr ica l conduction , f i r s t  

optical absorption and energy o f in itia tion  o f  photo-conductivity have 

a ll been found to be 1.68 eV. (168) indicating that carriers can be 

created by d irect excitation o f electrons from the valence band.
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While this work was in preparation the energy band structure of 

crystalline g-phthalocyanine has been published by Sukigara and 

Nelson (169). The calculation-is based oil molecular wave functions 

constructed from a molecular geometry in which the central hydrogen 

atoms are situated on opposite nitrogen atoms. However, Chen (170) 

has shown that much better agreement with the observed absorption 

spectra can be obtained using a model in which the central hydrogen 

atoms are shared between neighbouring nitrogen atoms in the form o f 

a hydrogen bond. In the calculations reported herein the "shared 

hydrogen" model o f molecular phthalocyanine is used.

More recently Chen (171) has published a calculation o f the 

energy band structure based on the shared hydrogen model. His 

treatment o f the energy band structure is very sim ilar to the 

one given here.

8.2 Molecular Orbitals

The molecular orbitals o f phthalocyanine have recently been 

investigated by Chen (170) in which he compared the merits o f two 

models. One in which the hydrogen atoms are loca lized  on opposite 

nitrogen atoms and the other in which the hydrogen atoms are shared 

between neighbouring nitrogen atoms in the form of a hydrogen bond. 

Calculations with a range o f parameters showed the shared hydrogen 

model to successfu lly predict the observed absorption frequencies 

w hilst with the localized hydrogen model agreement with experiment 

was poor. Using the parameters o f Chen we have recalculated the 

energy levels o f  phthalocyanine using both Householder and Jacobi methods 

to diagonalise the secular determinant and while agreement is

obtained between the results o f the two methods they are both s lig h tly  

d ifferen t to those quoted by Chen. Following the procedure o f  Chen some
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of the transitions in the ultra v io le t /v is ib le  region o f the spectrum 

have been recalculated. The calculated transition frequencies are given 

in table (8 .1 ).

The energy parameter 8 was calculated to give V! the accepted 

value o f  14306 cm"1, and the parameters used in the secular equation were 

chosen to give the ratio  o f the doublet separation lv x to the frequency 

Vj the experimental value 19.54 (calculated value 19.59).

Table (8.1)

Transition Calculated 
f  requencv

Experiment 
frequency (172)

au *  b*38 <b2g) Vl 14306 cm"1r 14306 cm"1
au

** , ** 
"  b 3g (V v2 335 48 cm"1 30380 cm"1

au
*** *** 

*  b 3g <»lg > V3 46025 cm"1

blu
** ** 

’  b3g « W v2 ’ 39099 cm"1 34580 cm"1

b lu
*** *** 

* b 3g * * ,  > V3* 51579 cm"1

Calculated transition frequencies of g-phthalocyanine in the ultra
v io le t  region.

The Hueckle coefficien ts o f the highest bonding and two lowest 

antibonding molecular orbitals together with the electron densities 

o f the neutral molecule and the parameters used are given in 

table (8 .2 ).

The molecular orbitals o f  the positive ion were obtained by 

assigning the excess hole to the highest f i l le d  molecular orbital of 

the neutral molecule0 Since this molecular orb ita l energy level is 

w ell separated from the next nearest level the energy band arising 

from these levels w il l  be w ell separated so that, in treating 

conduction in the hole band, the e ffects  of band mixing w ill be 

n eg lig ib le . For the excess electron, however, the energy levels o f 

the f i r s t  and second antibonding orbitals are quite close together
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L

Figure (8 .1)

Molecular structure of phthalocyanine showing the 

nurturing of the atons.
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Atom au b 3g 52 g E lectron
Density

1 - 0.12934 0.06781 0.14595 O.99886

2 0.12954 - 0.14890 -O.Ü7107 0.99805

3 0.16775 -0.03291 -0.13112 0.98149

4 -0 .08006 0.15662 0.09842 1.02690

5 0 .0 80 06 -0 .09898 - 0.15442 1 .02851

6 -0 .16775 0.13301 0.04062 0.98047

7 0.00000 0 .00000 0.34779 1 .18716

8 0.27142 -0 .26643 - 0.10683 O.92726

9 0.00000 0.17935 - 0 .1 7077 1 .45646

10 - 0.27142 0.0951 8 0.26500 0.93376

11 0.00000 -0 .34034 0.00000 1 .14930

Energy 
o f  MO.

0 . 2950* 

-1 .0388**

-0 .2086

0 .7345

-0 .2343

0.8250

T able (8 . 2 )

M olecular o r b ita l  c o e f f ic ie n ts  o f  au ,b3g and b2g 

o rb ita ls  In phthalocyanine.

* Hueckel u n its .

** eV
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hence the energy bands arising from these levels w ill  mix appreciably 

and subsequently the e ffects  o f  band mixing must be taken into account 

when treating electron ic conduction.

8«3 Energy band structure

The theory o f  band mixing in near degenerate energy bands has been

discussed earlier  in relation to conduction in the higher energy bands

of anthracene. For aromatic hydrocarbons it  was shown that the

coulotnbic repulsion term C * can be ignored, however, in phthalocyaninen
due to the localization  o f  charge densities at certain points in the 

molecule, this approximation no longer applies.

The conduction bands resulting from the interaction between the 

energy bands constructed from molecular orbitals of symmetry b jg

and b„ can be written 3g

W*(k) h + HT' ± (IT . -  HT . ) 2 +
± -  2 °2g*b2g S g » b 3g S g » b2g °3g*b 3g

4 < . . b .  !2g* 3g
(8.1)

where

Hfl,,m -  E(o)
£m * . 1nj Ô

|<X°lx'>l2 E2- ”  cos(k . J^)

(8.2)

and ,a,m <^£(r)|v (r . rn>Um(r)> (8.3)

..¿,m
n

rn) | v ( r -  rn)U m(r)> (8.4)

and is  the energy o f the molecular orb ita l <J>4 in the neutral

molecule



The evaluation o f the transfer integral, E*»ra , has already been

discussed in relation to the energy bands o f aromatic hydrocarbons and

so w ill not be discussed here. On substituting fo r  the potential,

** equation (8 .3) and expanding the molecular orbita l A
■ *

* in te 1:1133 o f  constituent atomic orb ita ls, u , i t  can be
shown that :

Cn’ m "  <_e2 l ct V  *“ ,<£)Ct ̂  p

-  «■»<£>Ij i cc

- v us(̂  V-i “eU>> (8-5)

For large intem uclear distances the electron ic charge distributions in 

the second and third terms can be considered localized at centre a , 

therefore, i f  the number o f core electrons on centre o is  n
a *

CA,m reduces to n

c‘ *“  .  l c /  cj (za -  na -  pa) <u6( r ) |  l/R o |u <r)> (8.6)

Unlike the transfer integrals, E*»“  , the two centre one electron

coulomb integrals in equation (8.6) decrease very slowly with increased

intem uclear distance hence in calculating T C*»E an extremely large
njK) n

nunber o f  molecules have to be taken into account and, although the 

integrals themselves are easily  evaluated, to attempt such a large 

number o f  calculations is prohibitive in terms o f  computer time.

The approximation (174)

e2<ug^ ) | l /R ju e (r)> -  14.41/R^ (8.7)

has therefore been used, where RQg is  the intem uclear distance
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o

(in A) between centres o and 3 ,

_i.,m 7 S R ,
Cn '  V  c.  (z,  * " «  -  » « ) «• ♦ l/R .g  (8 .8 )

The above result is  similar to that used by Chen (171), however, 

since.we have included both core states and pi-electrons in the 

potential the sum over a o f (za -  na -  Pq) is  zero hence, unlike Chen 

a 41st s ite  at the centre of the molecule with -  2 and p -  0, 

is not added.

8»4 Numerical calculations

The crystal structure o f 8-phthalocyanme has been determined
tr

by Roberson (173), The structure is monoclinic, o f space group, P2^/a , 

with two molecules per unit c e l l .  The molecular structure o f 

phthalocyanine is  illustrated  in figure (8 .1 ). Depending upon whether 

a shared or localized hydrogen model is  assumed one obtains either 

L and M or L' and M* as the symmetry axes in the molecular plane.

However, as can be seen from the figure L ', M' are not symmetry axes 

since the angles 14* -  7 -  8 * 10 -  11 -  12 and this indicates that

the hydrogen atoms are shared.

The electron ic parts o f the transfer integrals, calculated 

using Slater wave functions with the normal screening parameters for 

carbon and nitrogen and the methods given in Chapter (3 ), page (44), 

are given in table (8 .3 ). In the estimation o f  the core state 

contribution to the transfer integral the central and peripheral 

nitrogen were assumed to be in the Is2 t r 3/ 2 tr tr and Is2 tr2 tr tr  

core states respectively while the carbon atoms were assumed to be 

in the state Is2 tr tr tr . The coulomb interactions terms, computed 

using the approximations outlined in section (8.3) are also given in 

table (8 ,3 ).
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au, au b2g ,b 2g b3 g ,b3 g b 2 g ,b 3 g
P o s it io n En En En En

0 , 1 , 0  3 2 3 .4 7 24 3 .8 4 7 4 .1 7 - 3 2 . 0 2

0 , 1 , 1 0 . 2 2 - -0 .3 9 -O . 2 3

2 .8 5 - 1 . 8 8 33 .10 1 .7 9

i Æ  * 1 3 .5 6 - 0 . 7 8 -2 .9 4 4 .2 4

•4» * 1 2 .4 0 2 .3 5 0 .3 4 2 .0 3

l.m
Cn -O . 2 7 0 3 0 - 0 . 3 2 6 1 8  - 0 . 3 2 0 3 0  

T a b le (8 .3 )

-O . 0 7 9 1 9

T ra n sfer -* and coulom b** in t e g r a ls  f o r  p h th a lo cy a n in e .

E le c tr o n
(t>3g)

E le c tr o n
(b 2g )

Hole 1 s t .  Cond. 2nd. Cond.

+ 0 . 0 1 2 0 . 0 0 1 0 .0 0 4 0 . 0 1 2 0 . 0 0 1
E ( k Jl a )

0 . 0 1 2 0 . 0 0 1 0 .0 0 4 0 . 0 1 2 0 . 0 0 1

+ 0 .0 1 7 O. 0 9 7 O. 1 2 6 0.041 0 . 0 9 6
E (k / /b  )

0.041 0 . 0 9 8 0 .1 33 O.OI7 0 . 0 9 8

+
E ( k / / c “ ')

0 . 0 0 2 0 . 0 0 2 0 . 0 0 5 0 .0 0 0 4 0 .0 0 3

O.OO3 0 .0 03 0 . 0 0 5 0 . 0 0 0 2 0 .0 0 3

band
s p l i t t i n g

0 . 0 0 1 0 . 0 0 7  0 .0 4 8  

T a b le (8 .4 )

0 . 0 1 2 0 . 0 0 1

Energy bandw idths** o f  the e x c e s s  h o le  and e le c t r o n  bands in

the a b scen se  o f  band m ix in g  and the c o n d u ct io n  bands r e s u lt in g  

from  band m ix in g  o f  the tw o. V ib r a t io n a l  o v e r la p  f a c t o r  u n it y .  

* u n i t s :  1m- 4 eV.

**  u n it s  : eV.
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Due to the heterocyclic nature o f phthalocyanine the transfer 

integrals between the molecule at the origin and those at J  » £ 

and # £ are not necessarily equal as they are in

anthracene, however, ex p lic it  calculation o f such terms has shown 

them to be very nearly so and hence, for sim plicity they are 

assumed equal«

The general features o f the k dependent parts o f the energy 

bands o f excess electrons and holes in crystalline B-phthalocyanine 

are shown in figure (8,2) and figure (8 .3 ). For a ll the states 

the energy bands are extremely anisotropic, the band widths along the 

b axis being an order o f magnitude larger than in either o f the 

remaining d irections« The calculated band gap and separation o f  the 

two conduction bands at k ■ 0 are 1.69 eV. and 0.19 eV„, 

respectively, in good agreement with the experimental values o f 

1,68 eV. and 0.12 eV. However, the observed band sp litt in g  o f 

0.05 eV. is  about five  times the calculated value. The energy band 

widths and band splittings at k -  0 are shown in table (8.4) and 

are o f  a sim ilar order o f magnitude to those obtained experimentally.

8.5 M obility tensor

8.5 ( i )  General

The conponent o f the m obility tensor, along the b axis,

without the constant premultiplicative factors and r -4  andkgl kgT
computed using the methods o f Chapter (3) and Chapter (4 ), together 

with the ratio o f the non-zero elements o f the tensor to this are 

given in table (8.5) for various values o f the vibrational overlap 

fa ctor . The mobility ratios re fle c t  the highly anisotropic nature 

o f the energy bands and are relatively  insensitive to the vibrational 

overlap factor.



205

Figure (8.2)

Energy band structure o f  excess hole in crystalline 

B-phthalocyanine. The energy zero is arb itrarily  set at

«¡> Ih U  > + J  Cau» auTau' 1 au n
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Figure (8 .3 )

-Energy. >_an4 stru ctu res o f  the f i r s t  and second conduction

bands in c r y s ta ll in e  B -phthalocvanine.



b3g b2g au
V ib r a t io n a l 0 .1 1 .0 0 .1 1 .0 0 . 1 0 .2 0 .5 1 .0

O verlap
<vbvb>* 0 .6 5 2 5 9 . 9 4 5 6 .5 3 2 4 3 6 . 1 1 11 .172 4 3 .1 9 0 2 2 9 .7 40 731.331

< v b v b /v (k )> * * 0 .3 8 5 3 .8 3 2 2 .1 4 3 2 0 . 6 5 1 2 .7 3 6 5 .2 8 9 11.401 2 8 .91 8

/'c.c. 1 .4 9 1 .2 4 0 .0 0 2 0 .0 0 2 0 .0 0 2 0 .0 0 2 0 .0 0 2 0 .0 0 2

(1 .2 3 ) (0 .9 9 ) (0 .0 0 5 )

OCO0•O

(0 .0 0 5 ) ( 0 . 0 0 6 ) ( 0 . 0 1 ) (0 . 0 1 )

/Ac'C* 0 . 0 3 0 . 0 2 0 . 0 0 1 0 . 0 0 1 0 .0 0 3 0 .0 0 4 0 . 0 0 6 0 . 0 0 8

J*Vx> ( 0 . 0 2 ) ( 0 . 0 2 ) (0 .0 0 5 ) (0 . 0 0 3 ) ( 0 . 0 1 ) ( 0 . 0 1 ) (0 .0 3 ) (0 . 0 3 )

1 s t  Cond. • 2 nd Cond.
V ib r a t io n a l 0 . 1 0 . 2 0 .5 0 . 1 0 . 2 0 .5

O verlap
<vbvb>* 0 .7 8 5 3 . 1 1 8 1 9 . 0 2 1 6 . 6 2 6 2 6 .5 5 3 159.380

< v b v b /v (k )> * * 0 .3 6 4 0 . 7 2 8 1 . 8 1 8 1.983 3 .981 9.711

OO 4 .0 4 3 .9 8 3 .7 8 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

/»bb ( 2 .9 4 ) (2 .8 9 ) (2 .7 3 ) (0 . 0 0 2 ) ( 0 . 0 0 1 ) (0 . 0 0 1 )

y*o'c' 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 .0 1 3 0 .0 1 5 0 . 0 1 0

( 0 . 0 0 1 ) (0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 2 ) (0 . 0 2 ) (0 . 0 1 )

T a b le (8 .5 )

M o b il ity  r a t i o s  o f  e x c e s s  e le c t r o n s  and h o l e s ( in  p a re n th e s e s ) in  

c r y s t a l l i n e  p -  p h th a lo cy a n in e .

* u n i t s :  1 » 6  m /  s e c  • ** u n it s  1 * 3  m /s e c .

2
0
7
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No experimental data on the anisotropy o f the m obility tensor 

is available for comparison although the magnitude o f the mobility 

has been determined,, Of the values reported several l ie  in the 

range 1.8 cm2/vo ltosec . (175 -  178) although much lower values have 

been reported» Westgate and Warfield (181) and Barbe and Westgate (167) 

have reported d r ift  m obilities of electrons and holes along the c* 

axis in the range 0»05 to 0.1 cm2/v o lt»se c . while Kearns and Calvin (182) 

estimated the mobility o f carriers in amorphous films to be 0.001 -  

0.002 cm2/v o lt .s e c .

8 »5 (ii)  Hall m obilities

The ratio o f the Hall to d r ift  m obilities for the hole and 

isolated b jg  and b 3* bands, for  various values o f the vibration 

overlap factor, have been calculated using the method o f Le Blanc (100) 

and are given in table (8 .6 ).

Vibrational 
Overlap Hole (au) Electron (b . )2g Electron (b , ) 3g

0.1 5.99 7.951 23.770

0.5 1.198 1.590 4.754

1.0 0.599 0.795 2.377

Table (8.6)

Ratios o f  the Hall to d r ift  m obilities fo r  various values o f 

the vibrational overlap factor.

The ratios Wjj/  for metal free phthalocyanine are much smaller than 

values fo r  the copper derivative in which Hall m obilities two orders 

o f  magnitude larger have been reported (184, 185).
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An interesting result o f the calculation is  that the sign of 

the Hall e ffe c t  is the same for  both electrons and holes, the sign for 

holes being anomolous. A similar e ffe c t  has been predicted 

theoretically for the aromatic hydrocarbon ovalene (186) which has 

a sim ilar crystallographic structure to phthalocyanine, both crystals 

having an extremely short Jb axis. No experimental data is available 

as to the relative signs o f the Hall to d r ift  m obility ratio although 

a Hall m obility, along an unspecified d irection , of 0.1 to 0.4 cm2/ 

v o lt .s e c . has been reported (166).

8 .5 ( i i i )  V alidity o f the energy band model

For the energy band model to be applicable to the conduction 

mechanism in a particular organic so lid  certain cr ite r ia  have to be 

obeyed. These criteria  have been discussed in some detail in 

Chapter (2) and so w ill not be discussed further here.

The lower limits o f the diagonal elements o f the mobility tensor 

calculated such that the energy band model is  physically meaningful 

are given in table (8 .7 ). For a vibrational overlap factor 0.1 the 

uncertainty principle is  obeyed in a ll bands and a ll d irections. For 

higher values o f the factor however, only the m obilities in the second 

conduction band are within the limits demanded. This raises the 

question o f whether the band model is  the best approach to account 

for  charge carrier transport in crystalline 8-phthalocyanine and in 

view of this the components o f the mobility tensor have been 

recalculated with a change o f basis from the Bloch to a localized 

representation.

8»5(iv) M obilities in the localized representation

The theory underlying the hopping model as developed by 

Glaeser and Berry (44) has been discussed in detail in Chapter (2 ) .



21
0

V ib r a t io n a l H ole 1 s t  Cond,» 2nd Cond.
O verlap

/»o /̂ bb /Vc yA.. ^bb /ABb

0 . 1
0 . 0 7 0 1 .1 1 5  0 . 0 9 1 0 . 3 4  0 . 0 3 5 - 0 . 0 0 8  0 . 0 9 0 .0 4

( 0 . 0 5 0 ) ( 2 . 6 0 7 ) ( 0 . 0 8 7 ) ( 0 . 8 2 ) ( 0 . 0 7 ) - ( 0 . 0 0 1 ) ( 0 . 3 6 ) ( 0 . 0 2 )

0 .1 4 0 2 . 1 5 6  0 . 2 1 2 1 . 3 3  0 . 0 7 0 . 0 0 7 0 .0 1 4  0 . 1 7 0 . 0 9
0 . 2

( 0 . 1 2 1 ) (5 .0 4 0 )  ( 0 . 2 2 7 ) ( 1 . 61 ) ( 0 . 1  3 ) - ( 0 . 0 0 3 ) ( 0 . 7 3 ) ( 0 . 0 3 )

0 .3 7 9 4 .5 8 7  0 .7 3 4 1 . 5 3  0 . 0 8 0 . 0 0 8 0 .0 4 0  0 . 5 0 0 . 1 2
0 .5

( o .4 l  8 ) ( 1 0 . 8 0 ) (0 .8 4 9 )  ( 3 . 8 2  ) ( o .  33) - ( 0 . 0 0 7 ) ( 0 . 7 8 ) ( 0 . 0 6 )

T a b le ( 8 .7 )

Minimum v a lu e s  o f  the m o b il i t y *  c a lc u la t e d  such th a t  th e  en erg y  band m odel 

i s  in t e r n a l ly  c o n s ls t a n t .  The f ig u r e s  in  p a ren th eses  r e f e r  t o  v a lu e s  

computed from  the mean f r e e  p a th .

* u n i t s :  1 » -4  ma / v o l t - s e c .
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M olecu le x .x x .y x . z  y .y y . z z . z

0 , 0 , 1 6 2 . 3 8 - - 9 8 . 8 5 - 1 5 6 . 6 6
0 , 1 , 0 - 2 2 . 2 8 - -
0 , 1 , 1 62 . 3 8  - 38 .28 - 9 8 . 8 5  2 2 . 2 8 5 9 . 0 8 1 5 6 . 6 6
1 , 0 , 1  1 4 2 . 8 5 - 1 4 9 . 6 0 - 1 5 6 . 6 6

h i > 0 9 8 . 5 1 2 3 . 4 2 5 . 5 7 - -

h i ) 1 4 . 1 1 4 . 7 8 2 5 .  37 5 . 5 7 2 9 . 5 4 1 5 6 . 6 6
Q u adratic  moments*.

M olecu le * ( r i ) 1 / t i ' t ( r i )  1 / t i 'i ( r l ) 1 / t i

c V* c - - - - -

0,1  , 0 0 . 9 6 1 31 . 2 9 1 0 . 5 0 5  7 . 1 7 5 0 . 9 7 9 2 3 . 5 8 8
0 , 1 , 1 0 .00*1 0 .0 2 2 0 . 0 0 5  0 . 0 3 7 - -
1 , 0 , 1 - - - - -

i > i ) 0 0 . 0 1 7 0 . 2 7 6 0 . 4 5 0  3 . 2 0 2 0 . 0 1  5 0 . 1 8 1

h i > 1 0 . 0 2 1 0 . 0 3 4 o . o 4 o  0 . 2 8 4 0 . 0 0 6 0 . 0 7 5
A verage jump 4 . 5 6 2 1 . 5 2 8 3 . 4 o 6

fr e q u e n cy
No. o f  Jumps 3 0 . 0 7 0 5 . 0 7 3 2 3 . 0 8 8

jiaa 0 . 1 1 0 . 4 4 0 . 0 7
jibb 1 . 2 6 0.1  4 0 . 9 O

H c c 0 . 2 0 0 . 0 7 o . o 4

T a b le (8 .8 )

Jump p r o b a b il it ie s ,J u m p  fr e q u e n c ie s * *  and m o b i l i t i e s * * *  

in  p h th a lo cy a n in e .

* u n i t s ;  1 jo- 2  nma .

**  u n i t s :  1 » 1 2  s e c ' .

* * * u n it s :  1 » - 4  ma/ v o l t - s e c .
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The crystal wave function is  constructed as an antisymmetrized product 

o f molecular wave functions in which one molecule is represented as 

either a positive or a negative ion and the remainder are perturbed 

by the ion ic  molecule» I f  these perturbations are small then the 

transfer integrals given in table (8»3) can be used to construct the 

non-station ary state wave function 4>(t) (see Chapter 2)»

The jump frequencies and jump probabilities between the molecule 

o f the origin and near neighbours, together with the respective 

quadratic moments, are given in table (8 .8 ), The jump probabilities 

between molecules which give rise to conduction along the a and c ' 

axes are rather small, however, this is partia lly  o f f  set by the 

large quadratic moments o f these molecules giving rise to an 

appreciable value for the m obility along these axes« The predicted 

electron and hole m obilities along the jc ' axes are in good agreement 

with the values obtained by Westgate and Warfield (181), In general 

the degree o f anisotropy predicted on the basis o f the hopping model 

is much lower than predicted by the band model» Comparison o f 

tables (8 .5) with table (8»8) provides a very good example of th is.

8.6 Conclusion

The energy band structure and anisotropy o f the mobility tensor 

have been computed using both the energy band and hopping models and, 

while the energy band model yields band gaps and band widths in good 

agreement with those observed experimentally, the uncertainty principle 

as formulated by Fröhlich and Sewell is not s tr ic t ly  obeyed except for 

cases where the vibrational overlap factor < 0 .2 . The sign o f the 

Hall e f fe c t  is predicted to be anomolous for excess holes but not excess 

electrons, in agreement with the results of Nelson (169) but in contrast 

to the result o f Chen (171) where both are predicted to be anomolous.
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M obilities calculated using the simple hopping model are o f the 

same order o f magnitude as those observed experimentally, the values 

along the _c' axis being in good agreement with the values of 

Westgate and Warfield (181) and Barbe and Westgate (167).
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CHAPTER (9)

Transfer and Overlap integrals for imidazole and purine»

9»1 Introduction»

9»2 Numerical calculations»
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9»1 Introduction

The energy transfer integrals for imidazole and purine have been 

calculated using the methods previously described (Chapter 3) » At the 

instigation o f the project i t  was intended to calculate the energy band 

Structure and carrier m obilities based on the energy band model, however 

recent experimental data (113-115) has indicated that conduction occurs 

via protonic tunnelling» I f  this is  the case then any calculations 

based on the models used in this thesis would be inapplicable and 

subsequently the calculations have been suspended» However, the 

transfer integrals may be useful for some alternative calculation and 

are therefore reported brie fly »

9,2 Numerical calculations

The molecular orbital coe fficien ts and electron densities were 

calculated by the SCF method using the parameters of M iller, Lykos 

and Schmeising (116) for purine, and Brown and Heffeman (117) for 

imidazole, from the Hamiltonians quoted in O rloff and Fitts (118).

The coe ffic ien ts  o f  the molecular orbita l containing the excess electron 

and hole and the electron densities o f the neutral molecule are given 

in table (9»l)o Figure (9 .1) shows the molecular structure o f purine 

and imidazole illu stra tin g  the numbering o f the atoms in the molecules» 

Both compounds contain two types o f nitrogen atom in the five 

menbered ring, one is  bonded,to a hydrogen atom which in the crystalline 

state is  extensively hydrogen bonded to the second nitrogen atom on a 

neighbouring molecule» For the purpose o f  calculating the contribution 

o f the core states to the transfer integrals the two nitrogen atoms 

were assumed to be in the following valence states

N -  H Is2 tr tr  tr  ir2 

Is2 tr2tr  tr irN
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Both molecules crysta llise  with four molecules per unit c e ll ,  

imidazole in a monoclinic la tt ice , space group (119-121) while

the purine crystal is orthorhonfcic with space group pna2  ̂ (122). The 

relationships between the four molecules per unit c e ll  are as follows :

for imidazole

molecule (1) { i 1.0..> molecule (2)

molecule (1) {0ac 1 - + -  }1 2 2 molecule (3)

molecule (1) {C2 1- + -  }'2  2 molecule (A)

and for purine

molecule (1) 

molecule (1)

molecule (1)

i C2^Ĉ | i jc } molecule (2)

{<Jt c  I i a + i b + i c } molecule (3)

io ac I i £  + I ^ J molecule (A)

The numerical evaluation o f the transfer and overlap integrals was 

carried out using single Slater functions to represent the various atomic 

orbitals with the screening parameters s

carb on :

els -  107.7 nm"1

r - 5  "  30.7 nm“ 1*tr it

nitrogen :

* 126.7 nm” 1

Ctr “  “  36.8 nm~l
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The role of the labile  proton in the molecular potential has 

not been considered ex p lic it ly  since the electron density on the 

hydrogen atom is  not known with any degree of certainty. Calculations 

have been performed on the two extremes o f the resonance structures 

illustrated  in figure (9 .2 ). In both the diagrams the excess hole, 

or electron , is  considered to be on molecule (1) and the resonances 

correspond to exchange o f the labile proton between hydrogen bonded 

molecules. Such a conduction mechanism has been proposed by 

Brown and Aftergut (123), however, the more recent mechanisms are 

rather more sophisticated (113). The intem olecular resonance and 

overlap integrals for the two resonance structures of imidazole and 

purine are given in table (9  .2) and table (9  .3) respectively.



Im id a zo le Purine

H ueckel C o e f f . E le c tr o n
d e n s ity

H ueckel C o e f f . E le c tr o n
d e n s it y

H ole E le c tr o n H ole E le c tr o n

1 0 . 0 8 2 5 6 0 .41278 1 .6 49 0 . 1 0 0 5 3 -0 .4 1 1 8 5 1 . 2 7 2

2 -0 .6 2 5 3 2 - 0 . 6 2 7 4 1 1 . 1 0 1 0 .3 55 77 -0 .1 3 3 ^ 5 U.791

3 -0 .4 8 o 4 4 0 .43152 1 . 0 9 9 0 .2 28 43 0 .34120 1 .239

4 0 .2 38 32 0 .17889 1 . 0 3 4  .-0 .4 2 9 5 4 -0 .2 8 4 7 8 0.941

5 0 . 5 6 0 8 5 -0 .4 6 6 6 5 1 . 1 1 7 -0 .4 7 5 3 9 - 0 . 0 5 2 7 5 1 . 0 5 2

6 - 0 . 2 9 6 9 0 0 . 6 6 6 0 2 0 . 7 8 2

7 - 0 . 0 7 9 2 2 - 0 . 0 3 2 0 0 1 .779

8 0 .4 48 35 0 . 3 1 7 8 6 0 .9 1 1

9 o .  3 2 4 3 4 - 0 . 2 5 8 1 9 1 .232

T a b le (9 .1 )

H u eck el c o e f f i c i e n t s  o f  th e  h ig h e s t  bon din g  and lo w e st  

a n tib o n d in g  m o le cu la r  o r b i t a l s  and n - e l e c t r o n  d e n s i t i e s  

in  im id a z o le  and p u r in e .

q 3

Numbering of the atoms in  imidazole(a) and purine(b).
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H ole

I I

E le c tr o n

/ I

1 m n T rans. O ver.

c >• c - 69 . 37 15 .54

0 ,-1 ,  0 - 68.17 15 .54

1, 0, 1 - 6 o . l 4 9.08

Of it i *» 4.61 -O .67

0 > — it —i -6 . 94 0 .5 9

0 1 — it i -1.11 0 .5 9

o . \,~i 2 .5 4 -O .67
• 3

1 . it 2 12.01 - 4.91

1 > 2 26.18 - 4.91

E le c tr o n

T rans. O ver. Trans

5 .6 7 2 .4 4 - 6 3 . 6 2

2.51 -2 .4 4 -6 4 .5 3

-3 0 .5 7 3 .47 4 .3 3

-1 0 . 5 8 0.91 - 4 .2 6

-0 .4 7 0.91 • -5 1 .3 2

- 2 3 . 38 0 . 7 6 - 6 2 . 2 5

- 5 . 0 1 0.91 - 1 . 38

1 7 .2 7 3 .59 7 .9 2

- 3 . 2 1 3 .5 9 1 5 .1 9

T a b le ( 9 .2 )

O ver. T rans. Over

1 4 .5 6 0 .9 9 - 2 . 47

1 4 .5 6 3 .4 6 -2 .4 7

-0 .8 7  -2 6 .3 8 3 .5 6

0 . 6 9  - 5 - 5 6 0 .9 5

1 0 .3 0 1 2 .0 4 0.91

1 0 . 3o -1  0 .4 6 0.91

0 . 6 9 - 2 . 50 0 .9 5

0 . 7 0 -1 7 .1 5 3.71

0 .7 0 1 5 .7 3 3.71

T ra n s fe r*  and o v e r la p * *  in t e g r a ls  f o r  the reson an ce  form s o f  im id a z o le .

* u n it s  1 » - 4  eV.

* * u n it s  1 » - 4 .

Figure (9.2)
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I I I

1 m n Trans. Over. Trans. Over. Trans. Over. Trans. Over.
Molecule related by translation la+mb+ne
0, 0 , 1 362.72 - 102.70 145.24 -33.52 518.52 - I I 9.29 134.97 -30.37
0, 0,-1 465.54 - 102.70 177.03 -33.52 512.13 - 119.29 164.35 -30.37
0, 0, 2 0.05 -0.03 0.02 -0.01 0.08 -0.03 0.01 -0.01
0, 0 ,-2 0.08 -0.03 0.01 -0.01 0.08 -0.03 0.01 -0.01

Molecule related by C2c followed by translation :La+mb+nc
0, 0, i 0.55 -0.01 0.02 0.12 0.75 -0.04 0.06 0.12
0, 0,-4- -2.00 -0.01 1.37 -0.12 -1.97 -0.04 1.38 -0.12
0, 0, 2 0.13 -0.05 0.01 - 0.11 -O.05 -0.01 -
0, 0,-2 0.10 -0.05 - 0.10 - 0.10 -O.05 -0.01 -
o , 1, 1 1.88 -O.72 10.28 -4.91 1.86 -O.72 10.27 -4.91
0, 1 ,- i 2.99 -O.72 19.93 -4.91 2.97 -O.72 19.91 -4.91

Molecule related by <3bc followed by translation la+mb+nc

1, i,  o - 18.68 3.43 12.78 -2.21 -19.42 3.63 12.70 - 2.19

-1 , i,  0 - 16.21 3.43 10.04 2.21 -18.44 3.63 9.93 - 2.19

1, 1, 1 -O.29 0.08 0.09 -0.02 -O.30 0.09 -0.28 -0.02

-1 , 1,-1 -O.23 0.08 0.01 -0.21 -0.24 0.09 0.02 -0.02

1, 1,-1 -4.09 0.90 2.00 -0.43 -4.22 0.95 1 .96 -0.42

- i ,  i ,  1 -3 .58 0.90 1 .56 0.43 -2.79 0.95 1.51 -0.42

Molecule related by dac followed by translation la+mb+n£

1, 1, 1 -22.47 4.68 - 9.28 2.40 -9.90 4.99 -13.28 2.94

1 ,-  1,-1 -5.73 . 4.68 - 12.74 2.40 - 20.90 4.99 -13.07 2.94

1 ,-1 , 1 14.34 -2.73 -1 .24 -O.32 22.98 -3.87 - 6.78 1 .08

1, 1,-1 14.09 -2.73 2.39 -O.32 21.94 -3.87 - 6.27 1 .08

Table(9 .3)
Transfer* and overlap** Integrals fo r  the resonance forms of purine.
* units 1»—4 eV.
**units 1»-4*
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A p p en d ix  (1 ) .

E v a lu a t io n  o f  th e  m o le c u la r  i n t e g r a l s .

(A 1 .1  ) i#  Two c e n t r e  -  two e l e c t r o n  i n t e g r a l s .

i i .  Two c e n t r e  -  one e l e c t r o n  i n t e g r a l s .

( A 1 .2 )  A co m p u ter program  t o  e v a lu a t e  two c e n t r e  -  on e e l e c t r o n  

i n t e g r a l s ,  

i .  G e n e r a l.

i i .  C o n s t r u c t io n  o f  th e  d a ta  t a p e ,

i i i .  T e x t  o f  th e  p rogram .

( A 1 .3 )  T a b le s  o f  H y b rid  i n t e g r a l s  b e tw e e n  C arbon  and N itr o g e n

atom s
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( A 1 . 1 ) E v a lu a t io n  o f  th e  m o le c u la r  I n t e g r a l s .

(A 1 . 1 . 1 ) Two c e n t r e - two e l e c t r o n  I n t e g r a l s .

The m ethod u se d  t o  e v a lu a t e  th e  tw o c e n tr e - t w o  e l e c t r o n  

I n t e g r a l s  was th e  Z e ta  f u n c t io n  e x p a n s io n  m ethod a s  d e v e lo p e d  

b y  C o u ls o n  and B a m e t t ( 2 8 ,2 9 ) ,  a  b r i e f  s y n o p s is  o f  w h ich  I s  

g iv e n  h e r e .  A more d e t a i l e d  a c c o u n t o f  th e  m ethod i s  g iv e n  I n  

th e  o r i g l n a l ( 2 8 , 2 9 )  an d  r e l a t e d ( 3 0 , 3 i ) p a p e r s .

The p ro b lem  ca n  be e x p r e s s e d  a s  th e  e v a lu a t io n  o f  I n t e g r a l s  

o f  th e  fo rm :

( c l , A , l )  * ( c f , A , l )  r ^2 * ( c 2 ,B ,2 )  * ( c 2 , C , 2 )  dVI dV2 ( A 1 .t  

w here d e n o te s  th e  d is t a n c e  b etw een  e l e c t r o n s  1 and 2 ,  th e  

I n t e g r a t i o n  I s  o v e r  th e  s p a c e s  V i,V 2  o f  th e s e  two e l e c t r o n s  and 

th e  sym b ol Y ( c 1 , X , i )  d e n o te s  a  n o d e le s s  on e e l e c t r o n  a to m ic ' 

o r b i t a l  o f  an  e l e c t r o n , 1 , r e f e r r e d  to  an a to m ic  n u c le u s  ,X , 

a s  o r i g i n .  The a n a l y t i c  form  o f  $ i s  s p e c i f i e d  b y  th e  l a b e l  

c l  w h ich  sum m arizes th e  th e  quantum num bers n i , l i , m i  and 

s c r e e n i n g  p a r a m e te r  k l .  F o r m a lly  i f  r x l , ex l  and *x l  a r e  th e  

p o l a r  c o - o r d in a t e s  o f  e l e c t r o n  i  m easured from  th e  n u c le u s ,X ,  

a s  o r i g i n  an d  some a r b i t r a r y  p o la r  a x i s  and r e f e r e n c e  p la n e  

t h a t  p a s s e s  th ro u g h  th e  o r i g i n  th en  th e  o r b i t a l  , ♦  ,  i s  o f  th e  

fo r m :

N ( n , l ,m ) r x ^  e x p ( - k r x i )  P ™ (co s(e  X l )e x p (im  4 ) ( A 1 .2 )

The L e g e n d re  f u n c t io n s  P® (cos( e ) )  a r e  th o s e  d e f in e d  b y  Hobson 

(3 2 )  an d  N ( l ,m ,n )  d e n o te s  a  n o r m a liz a t io n  f a c t o r .  A f u n c t io n  

, il>, h a v in g  th e  form  o f  e q n ( A 1 .2 )  i s  term ed a  S l a t e r  a to m ic  

o r b i t a l  o r  S l a t e r  f u n c t i o n .  I f  th e  c e n t r e s  B and C in  e q n (A 1 .1  ) 

a r e  c o i n c i d e n t  th e  i n t e g r a l  i s  term ed a  coulom b i n t e g r a l  and 

i f  c e n t r e  A I s  c o i n c i d e n t  w ith  c e n t r e  B b u t  n o t  w ith  C th e y  a r e  

term ed  h y b 5 d (2 8 ) o r  i o n i c (3*0  i n t e g r a l s .  The program  g iv e n  in  

t h i s  a p p e n d ix  i s  co n c e rn e d  w ith  th e  e v a l u a t i o n  o f  b o th  t y p e s  

o f  i n t e g r a l  f o r  th e  c a s e s  w here th e  w a v e fu n c t io n s  o f  e l e c t r o n  

2  a r e  e i t h e r  2 p y  o r  2pz a to m ic  o r b i t a l s  an d  th e  w ave f u n c t i o n s



o f  e l e c t r o n  1 ca n  toe an y  f u n c t io n  w ith  p r i n c i p a l  quantum  number 

, n ,  e i t h e r  1 o r  2 .
r

The m ethod I s  b a se d  on th e  e x p a n s lo n (3 5 )  o f  a  m o le c u la r  

o r b i t a l  on c e n t r e  B a b o u t c e n t r e  A :

r-b* e x p ( - 6 r b ) -  i  Pn ( c o s (  e a ) )  ^ n ( # , r a jR )

w h ich  c a n  a l t e r n a t e l y  be e x p r e s s e d  a s :

1 -m m
-  c  I  $ & ■ }  Pn ( c o s ' 6 a >  V n i * ' * » » )  ( A t . 3 )

n * o '

w here r & and r b d e n o te  th e  d is t a n c e  o f  a  p o in t  P from  th e  two

c e n t r e s  A and B t h a t  a r e  s e p a r a te d  b y  a  d is t a n c e  R . The a n g le .

su b te n d e d  a t  A b y  th e  l i n e  PB i s  d e n o te d  e anda
t  -  B r a , 

t ■  B R i

Pn i s  a  L eg en d re  p o ly n o m ia l o f  d e g r e e  n and Cn#m( l # t j  ) l s  

th e  s o - c a l l e d  z e t a  f u n c t io n . .  When m -  0 , 1 , 2  th e  z e t a  f u n c t io n s  

a r e  commonly d e n o te d  Yn ( 1 , t J  t ) ,p n ( 1 , t $  * ) and < ^ ( l , t f  t ) 

r e s p e c t i v e l y .
I n t e g r a l

B a r n e t t  and C o u lso n  h a v e  shown t h a t  a n y  coulom b ca n  be 

r e d u c e d  to  th e  fo rm :
/ /

t V ( c 1 , c 2 , c 3 , c 4 ) d t
V

an d  h y b r id  i n t e g r a l s  to  th e  fo rm :

I ( c 1 , c 2 , c 3 ,c U )  -  N1 ( c 1 , c 2 , c 3 , c 4 ) y t i e x p ( - k 3 x t / k 4 ) x

g 1 ( d , c 2 , c 3 , c 4 ) d t  (A 1 *4)

The f u n c t i o n s  g c  and g i .  a r e  p r o d u c ts  o f  z e t a  f u n c t io n s  and a  

s im p le  p o ly n o m ia l Jn ( r )  and ,NC a r e  n u m e r ic a l c o n s t a n t s .

The a n a l y t i c a l  e q u a t io n s  f o r  th e  a b o v e  f u n c t io n s  a r e  t a b l u l a t e d  

i n  r e f . (2 8 ) .

The z e t a  f u n c t io n  50 , n ^ 1 , t * T ) c a n  be e x p r e s s e d  a s  p r o d u c t s  

o f  B e s s e l  f u n c t io n s  o f  im a g in a r y  argu m en t and h a l f - o d d  i n t e g e r  

o r d e r :
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"  Kn + l* t *I n + j ( T  ̂ T < t  ( A 1 . 5 )  

and f u n c t i o n s  o f  h ig h e r  o r d e r  can  be c a l c u l a t e d  b y  means o f  

s im p le  r e c u r r e n c e  fo r m u la e :

t O . t j O  -  ^ ^
™ > n (2 n+1 )

- ( m - 1  )C  *  m- 2 # n - 2 ^  ^ m - 2 in 4 * 1  ^  *  *

and

T> ( t s + <2 > Ç ( 1 , t j  T  ) -2 tX  T ,

” - 2 ’ "  (2 m T ) (n x

s .2 ,„ .| ( , ’ t ! , W n t ' ) ! s-2 ,n t|C < ‘ J ' : ) )
( A 1 . 6 )

R e p e a te d  a p p l i c a t i o n  o f  th e  ab o ve  r e c u r r e n c e  fo rm u la e  c a n  le a d  

t o  l o s s o f  a c c u r a c y H o w e v e r *  m can  be r a i s e d  from  0 to  U w ith o u t  

l o s s  o f  m ore th an  1 o r  2  f i g u r e s  w hich  i s  s u f f i c i e n t  f o r  th e  

p u p o se a  o f  c a l c u l a t i o n s  b a sed  on a to m ic  o r b i t a l s  w ith  quantum 

num ber n  £  2 .  The B e s s e l  f u n c t io n s  I n + J( x ) ,K n + { (x)  show a p p r o x -  

im a t e ly  e x p o n e n t ia l  ty p e  b e h a v io r  w ith  x  and f o r  la r g e  v a lu e s  

o f  x  |(x ) can  h ave v a lu e s  o u t  s id e  th e  ra n g e  o f  n orm al 

c o m p u te r s .H e n c e #i t  i s  c o n v e n ie n t  t o  w ork  w ith  s c a le d  B e s s e l  

f u n c t i o n s  d e f in e d  b y :

An + J “  Jn + | (A 1 .7)

kn + i ^  "  Kn+| ( A Î . 8 )

w here

f ( x )  -  n i ( 2 x ) n/ ( 2 n+t ) I ,  n ^  0

an d

f  — | ( x ) -  1 / ( 2 x ) .

The r e c u r r e n c e  r e l a t i o n s  b etw een  th e  s c a le d  B e s s e l  f u n c t i o n s  a r e

W * } - 1 n *> ( x ,+ i  * S/ ( ( 2 n + 3 ) ( 2 n + 5 ) ) l  i n^ ( x )  ( A 1 . 9 )
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and

l ^ + j ( x )  -  [ ( 2n - 1  ) / ( 2n+1 )] k ^ - j ( x ) + [ x 2 / ( 4n2 - 1 )]  k ^ | ( x ) '

( A t . 1 0 )
k  ( x )  -  X  k i ( x )-  J _ a

* 2 x

k  j ( x )  -  n £  e x p f x ) .

' J 2 x

F o r  s m a ll  v a lu e s  o f  x  u s e  o f  th e  r e c u r r e n c e  r e l a t i o n s (3 4 ) le a d s

t o  l a r g e  e r r o r s  In  th e  c a l c u l a t e d  v a lu e s  o f  1  , ( x )  and f o r
n+J

su ch  c a s e s  th e  s e r i e s  e x p a n s io n

- f l ?  j » j » n  ¿ 0  (A l.1 1 )

By “  0  5

a -  s x 2/ ( 2 j ( 2n+2 j + l ) ) ,  j  £ 1 
J J - i

s h o u ld  be u s e d .

In  th e  c a l c u l a t i o n  o f  th e  t r a n s f e r  I n t e g r a l s  b etw een  two 

m o le c u le s  o f  ( s a y )  20  atom s o f  th e  o r d e r  2400 h y b r id  I n t e g r a l s  

h a v e  t o  be c a lc u la t e d .T h u s  to  re d u c e  th e  amount o f  com putor 

tim e  n e e d e d  t o  p e rfo rm  th e  c a l c u l a t i o n , h y b r i d  I n t e g r a l s  h a v e  

b een  c a l c u l a t e d  o v e r  a  f i x e d  g r i d  o f  in t e r n u c l e a r  d i s t a n c e s .

The r e s u l t i n g  t a b l e s  a r e  g iv e n  In  t a b l e s ( A t . 1 ) - ( A 1 . 4 ) .  V a lu e s  

o f  th e  h y b r id  i n t e g r a l  f o r  a  p a r t i c u l a r  i n t e m u c l e a r  d is t a n c e .

,R ,  ca n  be o b ta in e d  from  th e  t a b l e s  b y  I n t e r p o l a t i o n .  T e s t s  

h a v e  shown t h a t  u s in g  an  A i t k i n  I n t e r p o l a t i o n  p r o c e d u r e ,o f  

lo w  o r d e r (4  t o  6 ) , h ig h  a c c u r a c i e s  can  be o b ta in e d  in  th e  

i n t e r p o l a t e d  i n t e g r a l s  w ith  v e r y  lo w  c o m p u ta tio n  t im e s .

( A 1 . 1 . 1 1 )  Two c e n t r e - one e l e c t r o n  i n t e g r a l s .

The on e e l e c t r o n  i n t e g r a l s  a r e  o f  th e  f o l l o w i n g  types.*

J  * ( c 1 , A , l )  0£  < K c 2 ,B ,l)  dVI
( A t . I S )
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w here th e  o p e r a t o r  Ojd ca n  h e e i t h e r  1 / r a ,  r e s o n a n c e  i n t e g r a l ,  

° r  u n i t y ,  o v e r la p  i n t e g r a l .  Such i n t e g r a l s  ca n  he c a l c u l a t e d  

u s in g  th e  z e t a  f u n c t io n  e x p a n s io n , h o w e v er, t h e r e  a r e  a l t e r ­

n a t i v e  m ethods w h ich  a r e  more e f f i c i e n t .

B y t r a n s fo r m in g  th e  a b o v e  i n t e g r a l s  i n t o  a  sy ste m  o f  

p r o l a t e  s p h e r o id a l  c o - o r d i n a t e s (9 )  and p e r fo rm in g  a  s im p le  

i n t e g r a t i o n  o v e r  th e  a n g u la r  c o - o r d in a t e  th e  a b o v e  i n t e g r a l s  

ca n  b e  r e d u c e d  t o  a  f i n i t e  sum m ation o v e r  p r o d u c ts  o f  

f u n c t io n s  o f  th e  t y p e :

l  c i^ n ^ i 0 8 )
i

w here

An ( Q ) xne x p ( -  a X)d (A 1 .1 3 )

-  {kk+*B)xn /2

BjjjC e ) vme x p ( -s  v )d u  ( A 1 .1 4)

■ (k AJcB)x R /2

T h e f u n c t i o n  An ( a ) can  b e  r e a d i l y  com puted u s in g  th e  

r e c u r r e n c e  fo r m u la :-

Ay ( o ) ■  e x p ( -  <*)/<*

an d

An ( a ) = ( e x p ( -  a )+nAn.-( ( a  ) ) / a  ( A 1 . 1 5 )

w h ich  i s  a p p l i c a b l e  t o  a l l  a . H ow ever, a s  a  c h e c k , v a lu e s  o f  

An ( a ) f o r  l a r g e  n  ca n  b e  c a l c u l a t e d  e x p l i c i t l y  u s in g  th e  

e q u a t io n :

An ( « ) « e x p ( -  a ) x (1 + n+ n(n+1 ) .......... .....  ) /
a “  a 2 7 n

I f ,  f o r  th e  two a to m ic  o r b i t a l s  i n  e q u ( A l . 1 )  and e q n ( A 1 . l 4 ) ,

kA -  kB th e n  th e  f u n c t io n  Bn,( 8 ) r e d u c e s  e i t h e r  t o  z e r o ,  i f  m i s

o d d , o r  i s  a  s im p le  f r a c t i o n , v i z :

BL ( o ) m 2  m eve n  
V  TnfJTJ 

■ 0 m odd
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F o r th e  c a s e  w here 3 ^ 0  th e  f u n c t io n  can  be c a l c u l a t e d  

u s in g  t h e  r e c u r r e n c e  fo r m u la :

B m( ß ) -  t (-1  )me x p ( 3 ) + m B ( 0 ) - e x p ( -  3 ) ]  (A1 . i 6 )

A g a in  f o r  l a r g e  v a lu e s  o f  m,Bm( 3 ) can b e  c a l c u l a t e d  u s in g  th e  

e q u a t io n  :

B ( » ) » ( - 0  e x p ( 3 ) [ l  -  m + m(m~l ) ............... ( - 1 ) m ]
m T  J  ¿2 Jhi

-  e x p ( r J )  [1 + n +ra(m-l ) ......................... m ] ( A 1 . 1 7 )
3 ß s 2

P roblem s a r i s i n g  in  th e  n u m e ric a l co m p u ta tio n  o f  th e  ab o ve  

i n t e g r a l s  h a v e  b een  d is c u s s e d  b y  G a u ts c h i( 3 7 ) , who co n c lu d e d  

t h a t  upw ard r e c u r s io n  was a p p l i c a b l e  i f  0 £  $n w h i l s t  f o r  

3 < 3r  BirijnaxC ß ) s h o u ld  b e c a l c u l a t e d  u s in g  e q n ( A 1 . 1 7 )  fo l lo w e d  

b y  downward r e c u r s io n  u s in g  eq n (A 1 . l 6 ) ,  G a u ts c h i( 3 7 )  c a l c u l a t e d  

t h e  v a lu e  o f  3n t o  be

0 • [n *0 . 5  l n ( n ) + l n (*'1 2 » ( l + e ) ) ] / e  (A 1 . 1 8 )
n

P r o c e d u r e s  h a v e  been  w r i t t e n  in  KDF 9  a l g o l  t o  com pute th e  

A and B f u n c t i o n s , i n c o r p o r a t i n g  th e  G a u ts c h l c r i t e r i o n ,  th e  

t e x t s  o f  w h ich  a r e  g iv e n  in  a p p e n d ix  (2 ) la b e le d  a v e c t o r  and 

b v e c t o r  r e s p e c t i v e l y .
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(A1.2 )  Computer program t o  e v a lu a te  2 c e n t r e -2  e le c t r o n  I n t e g r a ls . 
(A 1 .2 .1 )  G en era l.

The program  c a lc u la t e s  coulom b and h y b r id  I n t e g r a ls  f o r  

th e  c a s e s  where the o r b i t a l s  o f  e le c t r o n  2 (s e e  eqn(A1.1 ) )  

a r e  e i t h e r  2py o r  2pz S la t e r  ty p e  o r b i t a l s , c h a r a c t e r i z e d  by 

th e  s c r e e n in g  param eters k3 and k4.The o r b i t a l s  o f  e le c t r o n  

1 a re  s e t  as 1 s , 1 s ( w ith  s cre e n in g  param eters k5  and k6 ) , 2 s , 2 s , 

2 p x , 2 p x , 2p y ,2py and 2p z , 2p z ( w ith  s c r e e n in g  param eters kl and k2 ) .  

In  g e n e ra l k! = k2 and k5 = k6 .

The o u tp u t o f  th e  program  I s  In  th e  fo l lo w in g  form : 

INTERMOLECULAR DISTANCE -  v a lu e  o f  R (see  s e c t io n  A 1 .2 .1 1 ) .

IO N IC (or coulomblc)INTEGRAL 

ELEMENT OF INTEGRATION

T PY1S1 SPY PY2S2SPY PYPXPXPY PYPYPYPY PYP2PZPY
* ******** ******** ******** ******** ********

IPY1 S1 SPY * * *******

IPY2S2SPY * * * * * * * * *

IPYPXPXPY * * * * * * * * *

IPYPZPZPY ** * * * * * * *

The v a lu e s  l i s t e d  under ELEMENT OF INTEGRATION r e f e r  t o  the 

v a lu e  o f  th e  In teg ra n d  a t  th e  up per l i m i t  o f  th e  n u m erica l 

I n t e g r a t io n  and se rv e  as  an a c cu ra cy  ch eck . F or a l i m i t  o f  

a c c u r a c y  o f  f i v e  f ig u r e s  in  th e  c a lc u la t e d  in t e g r a ls  th e  

v a lu e s  i n  th e  ELEMENT OF INTEGRATION column sh ou ld  be  o f  

th e  o r d e r  1 » - 7  l e s s  than th e  v a lu e  o f  th e  in t e g r a l .

(A1 .2.ii) C o n s tru ct io n  o f  th e  data  ta p e .

REPEAT:

j S creen in g  param eter o f  th e  first orbital o f

e le c t r o n  1 f o r  quantum number n =2 . 

i f  kl > 998 th en  g o to  TERMINATE.

S creen in g  param eter o f  th e  secon d  o r b i t a l  o fk2
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k3:

k4 :

k5 : 

k6 : 

l o  Is 

u p l :  

e p s :

e le c t r o n  1 f o r  quantum number n »=2 .

S creen in g  param eter o f  th e  f i r s t  o r b i t a l  o f  

e le c t r o n  2 .

S creen in g  param eter o f  th e  second  o r b i t a l  o f  

e le c t r o n  2 .

S cre e n in g  param eter o f  th e  f i r s t  1s o r b i t a l .  

S creen in g  param eter o f  th e  second  1s o r b i t a l .  

Lower l im it  o f  in t e g r a t io n .

Upper l im it  o f  in t e g r a t io n .

Maximum t o le r a b l e  e r r o r  when c a lc u la t in g  B e s s e l 

fu n c t io n s  by s e r ie s  ex p a n s ion .

REPEAT FOR NEW INTERMOLECULAR DISTANCE.

R: In te rm o le cu la r  d is t a n c e .

i f  R > 998 th en  g o to  REPEAT.

n . Number o f  p o in t s  in  th e  nu m erica l in t e g r a t io n .

t ypes An in te g e r  w h ich  d eterm in s  th e  ty p e s  o f  in t e g r a l

c a lc u la t e d .

ty p e  ** 2 O r b it a ls  o f  e le c t r o n  assumed t o  be 

2 p z ,h y b r id  in t e g r a ls  c a lc u la t e d .

ty p e  = any o th e r  even  number; O r b it a ls  o f  e le c t r o n  

2  assumed t o  be 2 p y ,h y b r id  in t e g r a ls  c a lc u la t e d ,  

ty p e  «  1 O r b it a ls  o f  e le c t r o n  2 assumed t o  be 

2 p z ,cou lom b  in t e g r a ls  c a lc u la t e d ,  

ty p e  ** any o th e r  odd n u m b erjO rb ita ls  o f  e l e c t r o n  2 

assumed t o  be 2 p y ,  coulom b in t e g r a ls  c a lc u la t e d .

g o t o  REPEAT FOR NEW INTERMDLECULAR DISTANCE. 

TERMINATE: program  te rm in a te d .

( A 1 . 2 . i i i )  T ext o f  th e  program .
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b eg in

r e a l  z O ,z 1 ,z 2 ,z 3 ,z 4 ,k 1  ,k 2 ,k 3 ,k ^ ,k 5 ,k 6 ,k a ,k b ,k c ,u p l ,  

l o l ,X ,Y ,R ,a ,b , c , t ,w ,x ,y ,g r l d , e p s ,J 1 ,J 3 ,J 7 ,J 8  ;

In te g e r  n , i , t y p e , f 1 , JJ;

array CPY1S1SPY,CPY2S2SPY,CPYPXPXPY,CPYPZPZPY, 
CPYPYPYPY,CPZ1S1SPZ,CPZ2S2SPZ,CPZPXPXPZ,CPZPZPZPZ,
IPY1 SI SPY,IPY2S2SPY,IPYPXPXPY,IPYPZPZPY,IPYPYPYPY, 
IPZ1S1SPZ,IPZ2S2SPZ,IPZPXPXPZ,IPZPZPZPZ[0:100],z[0:4] ; 
r e a l  p roced u re  INTEGRATE(n,x,A) $

va lu e  n ,x  ; 

r e a l  x >

In te g e r  n j 

a r ra y  A j 

b e g in

r e a l  w1,w2 ;

) I n te g e r  i , J  j 

J :=  n /2 -1  S 

wl ! "  A [ l ] j
I
w2 :»  0 ,0  j

f o r  1 : = 1 s te p  1 u n t i l  J do 

b e g in

wl :=  w 1+A [2xi+1] ;

w2 :=  w2+A [2 x l ]  

end ;

INTEGRATE :=  xx(A[0]-l-4xw1+2xw2+A[n] ) / 3 .0  $

end )

r e a l  p roced u re  K (n ,z )  j 

v a lu e  n ,z  $ 

r e a l  z }

In te g e r  n l

b e g in

r e a l  e r r o r ,x ,y ,y n  j
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I n t e g e r  l , J , p , q , r , s , t  ; 

y  :» e x p ( - z )  j  

yn  }■  y  ; 

x  l / z  j

I f  n < 0 th e n  n s -  - n -1  5

I f  n -  0 th e n  g o to  FGBC ; 

t  tm 1 f

f o r  J 1 s t e p  1 u n t i l  n do 

b e g in

p n+J ;

q ( I f  n -  J th e n  1 e l s e  n - j )  ; 

t  i -  2 x tX J  J 

y  y x x  ;  

r  1 ;

s  :■  1 j

f o r  1  1 s t e p  1 u n t i l  p do r  :«  r x l  ;

f o r  1  1 s t e p  1 u n t i l  q do s  i -  s x l  ;

e r r o r  :«  y x r / ( s x t )  $
1

y n  :«  y n + e r r o r  5 

end ;

FGBC :

K :«  s q r t ( 3 .t ^ 1 5 9 2 6 5 3 6 / ( 2 x z ) ) x y n  ;

end l

r e a l  p r o c e d u r e  I ( n , z )  ;

v a lu e  n , z  ;

r e a l  z  J

I n t e g e r  n j

b e g in

r e a l  y n , x , x x , y , y y , e r r o r , Z  ;

I n t e g e r  1 , J , P , q , r , s , t  5

I f  n -  - 1  th e n

b e g in

Z J - s q r t ( 1 / (2 x z x 3 # 1 4 l 5 9 2 6 5 3 6 ) ) x ( e x p ( - z ) + e x p ( z ) )  }



g o to  WDVRDX 

end ;

I f  z  £  1 .0  th e n  

b e g in  

r  :*» 1 i

I f  n « 0 th e n  g o to  UJMLKJ J

f o r  1  :«  1 s t e p  1 u n t i l  n do r  :■  r x l  j

UJMLKJ i

s s -  r  $

p i -  2xn+1 j

f o r  1  n+t s t e p  t u n t i l  p do a t -  a x l  

yn  .*“  r / a  j 

x  :*■  1 »0 l

y  :«  z x z  $

t  1 ;

f o r  J I a t e p  1 u n t i l  15 do 

b e g in

t  t x j  J 

r  1 l 

a :*» 1 $

x  y x x  ;  

p *“  n+J I 

q 2 xn+2x j+ l  ;

f o r  1  s -  1 a t e p  1 u n t i l  p do r  :«  r x l  j

f o r  1  J - 1 a t e p  1 u n t i l  q do a :«  s x l  j

e r r o r  :»  x x r / ( a x t )  ; 

y n  i«  y n + e r r o r  ;

i f  e r r o r  ep a/10 0  th e n  gotoWDVTFC j 

end J 

WDVTFC:

Z a q r t ( ( 2 x z ) T ( n + 1  )/ 3 .U l5 9 2 6 5 3 6 ) x y n

en d e l a e

b e g in
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We
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x x  :» e x p ( z )  j 

y y  ( - 1  ) t ( n +1 )/ x x  j 

y n  x x + y y  $

I f  n ■ 0 th e n  g o to  UJMQKN ; 
y  1/ z  ; 

x  * -  - y  s 

t  :■  t }

f o r  J s -  t s t e p  1 u n t i l  n do 

b e g in

t  2 x t x j  $ 

p :■  n+J ;

q .*■  ( I f  n -  J th en  I e l s e  n - j )  ;  

xx  x x x x  j 

y y  y x y y  ; 

r  1 }

a ! -  1 ;

f o r  1  1 s t e p  1 u n t i l  p do r  r x l  j

f o r  1  : *  1 s t e p  1 u n t i l  q do s :«  s x l  j  

e r r o r  :»  ( y y + x x ) x r / ( s x t ) j 

y n  y n + e r r o r  j 

end $

UJMOKN :
Z i -  s q r t ( l / ( 3 . 1 [M 5 9 2 6 5 3 6 x zx 2 ))x y n  ;  

en d  j 

WDVRDX t 

I  i -  Z j 

end j

r e a l  p r o c e d u r e  J ( n , a )  j

v a lu e  n #a  j

r e a l  a  $

i n t e g e r  n J

b e g in

switch SWITCH L1,L2,L3,L4,L5,L6,L7,L8 '



real x ,y  ;
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y := exp(-a) ; 
goto rWITCH[n] j 

LI : X := 2-(2+a)xy ;

goto exit ;

L2 : x := 6-( 6-f4xa+axa )xy $
goto exit j

L3: x := 24-(24+18xa+6xaT2+at3)xy ;
goto exit ;

LU: x := 8-(8'f-8xa+4xaT2+aT3)xy ;

goto exit j

L5 : x := 40-( 4ü+40xa+20xaî2+6xaî3-»-aî4 )xy ;
goto exit j

L6: x := 96+8xaT2-(96+96xa4-56xaT2+22xaT3+6xaTi|+aT5)xy •
goto exit j

L7: x := l44-(144+144xa+72xaT2+24xaî3+6xaî4+aî5)xy
goto exit \

L8: x := -24+4xaî2+(24+24xa+8xaT2+aî3)xy ;

exit :
J ï" x ;

end j

real procedure zeta(m,n,a,b) j 
value m,n,a,b ; 
real a,b ;

Integer m,n ; 
begin
real x,y ;

Integer 1 ;
array X[n-1:n+1] ;

If a > b then 
begin 
x := a j 

jy := b



end else
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begin 
x :«  b 3 
y := a 
end 3

I f  (m+2)x2 •» m then 
begin

fo r  1 n,n-1,n+1 do
begin

X [l] I ( i ,y )x K (i ,x )  ;
I f  m -  0 then goto ex it 3 
end
end else 
begin

fo r  1 n,n-1,n+1 do
begin

X [l] (1 (1 -1 ,y )xK (i-1 ,x )-I(l+ 1 ,y )xK (l+ 1 ,x ))xaxb /
(2x1+1) 3

I f  m ■ 1 then goto ex it 3

end
end ;
X[ n]  :=  (a x a + b x b )x X (n ]-2 x a x b x (n x X [n -1  ] + (n+1 )xX [n+1 ] )  

/ ( 2 xn + 1 ) 3

e x it  :
zeta :»  X[n] ; 

end 3
open(20) 3

open(30) 3

f 1 j » f o n a a t ( £ 6 a-d.dddddd»-ndJ[) ;

R ep ea t : 

kl read(20) }
I f  kl > 998 then goto OUT ;
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k2 :=  r e a d ( 2 0 ) ;

k3 :=  r e a d ( 2 0 ) ¡

k4 :=  r e a d ( 2 0 ) j 

k5 : = r e a d ( 2 0 ) j 

k6 :=  r e a d ( 2 0 ) ;

l o l :  = r e a d (2 0 ) ; 

u p l :  = r e a d (2 0 ) ; 

e p s : =  r e a d ( 2 0 ) \

RepeatR :

R :=  read(20) ;

I f  R > 998 then g o to  EXIT ; 

n :=  r e a d ( 2 0 ) \

type :=  r e a d ( 2 0 ) ;

g r id  :=  ( u p l - l o l ) / n  J 

i  :=  -1 ;

u p l :=  u p l+ g r id /lO  ;

w r ite  t e x t ( 30 , n^6 s]_INTERNUCLEAR*DISTANCE] ) ;

write(30,fî+2,R) $
i
i f  (ty p e + 2 )x 2 =type then g o to  THMBJO ; 

w r ite  t e x t ( 3 0 ,JL[6 s2 COULOMBIC*INTEGRALS[2 c 2 i )  ;  

ka :=  ( k 1 +k2 ) / 2  ;

kb :*= (k 3 + k 4 )/2  ;

kc :=  (k 5+k6 ) / 2  ;

a :=  2xkbxR ;

Y :=  sq r t((k lX k 2 x k 3 x k 4 )T 5 /(2 x k b x R )) ;

w r it e  t e x t  ( 30 , [J6s]ELE!^NTS*0F* INTEGRATION 2c 1 2 s ]

t H M P Y 1  SISPYf 70s]PY2S2SPY¿í J sjPYPXPXPYf 10s] 

p y p y p y p y H  1 s 2 P Y P Z P Z P Y [ 2 c J J J  i
i f  ty p e  = 1 then g o to  TCBRYV ;  

f o r  t  l o i  s te p  g r id  u n t i l  u p l do 

b e g in

b :® k a x t / k b  ;



1  :=  1+ 1 ; 

c :=  k c x t /k b  ;  

w :=  s q r t ( t )  ;

J ï * - J ( 1 , c )  ;

J3 :=  j ( 3 , b )  ;

J7 j ( 7 , b )  ;

j 8 :*= j ( 8 , b )  ;

f o r  JJ s -  O s t e £  2 u n t i l  4 do z [ j j ]  z e t a ( 1 , J J , t ,a )  ; 

X : «  z [ ü ] - z [ 2 ] j 

y  :=  z [ 2 ] - z [ 4 ]  ;

CPYÎS1SPY[i] : = tx tx w x jlx x  ;

CPY2 S2 S P Y [l] :=  tx txw xj3xx  ;

CPYPXPXPY[1 ] :=  w x (x x j8 + J 7 x (x -3 x y /7 ) /lO ) ;

CPYPYPYPYti] :=  w x (x x j8 /3 + 0 . lx j7 x (x - 3 x y /7 )  ) ;

CPYPZPZPYti] :=  w x ( j8 x x /3 + ü .îx j7 x (x /3 + 4 x y /7 ) )  •

L2:

end ;

w r l t e ( 3 0 > f 1 >t )  ; 

w r i t e ( 3 0 , ft ,C P Y 1 S 1 S P Y [i]) ;

w r lt e ( 3 0 , f 1 ,CPY2S2SPY[ 1 ] )  5

w r i t e ( 3 0 , fl,C P Y P X P X P Y [i]) ;

w r i t e ( 3 0 , f l ,CPYPYPYPY[i]) ;

w r lt e ( 3 ü , f J + 2 ,CPYPZPZPYti]) ;

X :=  sqrt(k 5T 3 xk 6T 3 xk 3 î5xk 4T 5 /(2xk b xR ))/(24x k cT 3 xk b T 4 )x
INTEGRATE( n , g r i d , CPY1S1 SPY) j 

w r ite  t e x t ( 3 0 ,J[[6s1CPY1S1SPYX) ; 

w r it e (3 0 , f1 + 2 ,X )  j

X :=  Y / ( 2 88xkat5xkbT4 JxINTEGRATE(n, g r i d , CPY2S2SPY) ¡

w r it e  text(30,XX6slCPY2S2SPYX) 5 

w r l t e ( 3 0 , f l + 2 ,X )  ;

X : = Y /(48xkaT 7xkbT 2)xINTEGRATE(n,grid,CPYPXPXPY) • 
w r it e  text(30,H6sjLCPYPXPXPY.L) }

- 248 -
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w rite  ( 3 0 , f 1 + 2 ,X )  ;
X :=  Y/ ( 1 6xkaT7xkbT2)xINTEGRATE(n,gridi CPYPYPYPY) • 

w r ite  t e x t ( 3 0 ,£ [ 6 s l CPYPYPYpY i)  ;  

w r l t e (3 0 ,f1 + 2 ,X )  ;

X := Y / ( 16xkaT7xkbT2)xINTEGRATE(n,grid#CPYPZPZPY) • 

w r ite  t e x t ( 3 (Jj_[_[6sJrCPYPZPZPY]>) » 

w r i t e ( 3U >f1+ 2 ,X) \ 

g o to  EEXXIITT ;

TCBRYV :

f o r  t  :=  l o l  s te p  g r id  u n t i l  up l do 

b e g in

b : *= k a x t /k b  j 

c  : «  k c x t /k b  ;

1 :=  1+1 j 

w :=  s q r t ( t )  j 

j 8  ; *= J (8* c ) \

J7 :=  J ( 7 , c )  $

zO :=  z e t a ( 1 , 0 , t , a )  ;
1
z l :=  z e t a ( 1 , 1 , t , a )  ;

z 2  : =  z e t a ( l , 2 , t , a )  ; 

z3  z e t a ( 3 j^ > t ,a )  ; 

z4 :=  z e t a ( 1 , 4 , t , a ) ;

x  z ü - z 2  ; 

y  : *  z 2 -z 4  ;

CPZ1 S 1 SPZÍ1 ] :=  w x ( j 8 x z O + Q . 5 x J 7 x ( z O - 2 x x / 3 ) ) / ( t x t )  }

J7 :=  J (7 > b ) j 

J8  :=  j ( 8 , b )  ;

CPZ2S2SPZ[1] := w x ( j 8 x z 3 + 0 . 5 x j 7 x ( z 3 - 2 x ( z 3 - z e t a ( 3 , 2 , t , a ) )

/ 3 ) ) / ( t x t )  l

CPZPXPXPZtl] :=  w x (j8 x x /3 + ü .ix J 7 x (x /3 + 4 x y /7 ) )  •

CPZPZPZPZti] :=  w x (a x a x ( j 8 x z 0 + 0 . 5 x J 7 x ( z 0 - 2 x x / 3 ) ) / ( t x t
) - 2 x a x ( J 8 x z 1 + 0 . 5 x j 7 x ( z 1 - ü . 4 x ( z 1 - z e t a ( 1 , 3 , t , a ) ) ) )
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A + J 8 x ( z 0 - 2 x x / 3  ) + 0 . 5 x j 7 x ( z o - o . 8 x x - 8 x y / 3 5 ) )  •
L 3 :
end j

w r i t e ( 3 0 , f 1 , t )  ;

w r l t e ( 3 0 , f 1 , C P Z 1 S 1 S P Z [ l ] )  ;

w r i t e ( 30,1*1 ,C P Z 2 S 2 S P Z [i]) $

w r i t e ( 3 0 ,f l,C P Z P X P X P Z [i]) ;

w r i t e  (30 ,  f* 1 , CPZPZPZPZ[ i ] )  ;

w r i t e ( 30,1*1+2,CPZPXPXPZ[i] ) 5

X i- sqrt((k5xk6)T5x(k3xkiOT3/a)/(l*xkcT7)x
INTEGRATED, g r i d ,  C P Z 1 S I S P Z )  ;  

w r i t e  t e x t ( 3 0 ,  [_ [6 s 2 C P Z 1  S I S P Z ] _ )  ;  

w r i t e  ( 3 0 ,1 * 1 + 2 ,X )  ;

X Y/(48xkat7xkbt2 JxINTEGRATE(n,grid,CPZ2S2SPZ) j
w r i t e  t e x t ( 3 0 , £ 2 6 s 2 C P Z 2 S 2 S P Z 2 )  } 

w r i t e ( 3 0 , f 1 + 2 , X ) ;

X : =  Y / ( 16xk aT 7 x k b t8 JxIN TEG R ATE(n,grid, CPZPXPXPZ) j 

w r i t e  te x t(3 0 ,i2 6 s]C P Z P X P X P Z ],) S 

w r i t e ( 3 0 , f  1+ 2 , X) ,•

X  : »  Y/(l6xkaT7xkbt2)xINTEGRATE(n,g r i d , C P Z P Z P Z P Z )  ;  

w r i t e  t e x t ( 3 0 , £ [ 6 s ] C P Z P Z P Z P Z ] _ )  ;  

w r i t e ( 3 0 , f 1 + 2 , X )  j 

w r i t e  t e x t ( 3 0 j  i  Cpl 1 )  j 

g o t o  EEXXIITT ;

THMBJO :

w r i t e  te xt(3 0 ,i£ 2 c6 s2 lO N IC *IN T E G R A L S [2 cJ 2 ) ;

a k4xR }

ka :« (k1+k2)/2 $
Y sqrt((k1xk2xk3)t5/&) j
kc (k5+k6 ) / 2  $

w r i t e  text(30,n.6s2BLEM EN TS*O F*IN TEG RATIO N [2c12s] tC lO s^
P Y 1 S 1  S P Y [ 1 0 s 2 P Y 2 S 2 S P Y l l  1 s 2 P Y P X P X P Y h  O s 2 P Y P Y P Y P Y [  n  s ]
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P Y P Z P Z P Y [ 2 c  ] J . )  ;

I f  ty p e  *» 2 th en  g o to  TFHKOL j 

f o r  t  :»  l o l  a te p  g r i d  u n t i l  u p l  do 

b e g in  b :«  2 x k a x t/ k 4  ; 

c := k c x tx 2 / k 4  ; 

i  i+ 1  l  

J 1 J 0 , c )  ;

J3 s -  j ( 3 , b )  i

J7 J ( 7 ,b )

j 8  J ( 8 , b )  ;

x  :«  z e t a ( 1 , 0 , t , a ) - z e t a ( 1 , 2 , t , a )  j 

w j-  s q r t ( t ) x e x p ( - k 3 x t / k 4 )  ;

I P Y 1 S t S P Y [ i ]  : »  t x t x w x j l x x  l

f o r  J J  0 s t e p  2 u n t i l  4  do z [ j j ]  z e t a ( l , J J , t , a )  ;  
x  z [ 0 ] - z [ 2 ] ;

y  :« z [2]-z [4] \

I P Y 2 S 2 S P Y [ i ]  : »  t x t x w x j 3 x x  ;

I P Y P X P X P Y [ i ]  w x ( x x j 8 + J 7 x ( x - 3 x y / 7 ) / l O )  ;

I P Y P Z P Z P Y t i ]  : =  w x (x x j8 / 3 + 0 .lx j7 x ( x / 3 + 4 x y / 7 ) )  ;

I P Y P Y P Y P Y [ i ]  : =  w x ( x x j8 / 3 + 0 .1 x j7 x ( x - 3 x y / 7 ) )  ;

L : 

e n d  $

w r i t e ( 3 0 , f 1 , t )  ;

w r i t e ( 3 0 # f 1 , I P Y 1 S 1 S P Y [ i ] )  ;

w r i t e ( 3 0 , f 1 , I P Y 2 S 2 S P Y [ i ] )  } 

w r i t e ( 3 0 , f 1 , I P Y P X P X P Y [ i ] )  ;

w r i t e ( 3 0 , f 1 , I P Y P Y P Y P Y [ i ] )  ;

w r i  t e  ( 3 0 ,  f  1 + 2 ,  IP Y P Z P Z P Y  [  i  ] )  ;

X 2xsqrt(k5T3xk6T3xk3*5/fo)/(3xkcT3xk4T2)x
INTEGRATE( n , g r i d  ,  I P Y 1 S 1 S P Y ) 5

w r i t e  t e x t ( 3 0 , [ [ 6 s J I P Y 1 S 1 S P Y l )  j

w r i t e ( 3° > f 1 +2 ,X )  j
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X :=■ Y /(l8xkaT5xk4t2)xIN TEG RATE(n,grid,IPY2S2SPY) ; 

w r ite  te x t (3 0 ,| X 6 s l IPY2 S2 SPYl )  > 

w r i t e ( 3 0 , f 1 +2 ,X ) j

X : «  Y/(12xkaT7)xINTEGRATE(n,grid,IPYPXPXPY) ; 

w rite  text(30,££6sj[IPYPXPXPY]_) J 

w r i t e (3 0 ,f1 + 2 ,X )  }

X :«  Y /(4 xkat7)xIN T E G R A T E (n ,grid ,IP Y P Y P Y P Y ) ; 

w r i t e  te x t(3 0 ,H 6 s ] .IP Y P Y P Y P Y i)  5

w r i t e ( 3 0 , f 1 +2 ,X )  i

X s -  Y/(4xkaT7)xINTEGRATE(n,grid,IPYPZPZPY) ; 

w r i t e  te x t(3 0 ,[X 6 s iI P Y P Z P Z P Y i)  $ 

w r i t e ( 3 0 , f 1+2 ,X )  ;

g o t o  EEXXIITT ;

TFHKOL :

f o r  t  l o l  s t e p  g r i d  u n t i l  u p l do 

b e g in

b J -  2 x k a x t/ k 4  

c  :»  2 x k c x t/ k 4  

i  i+1 ;

t
m»

J 1 -  j ( 1 * c )  j

J3 « J ( 3 ,b )  ;

J7 » J ( 7 , b )  ;

J8 •* J ( 8 , b )  J

zO = z e t a ( l , 0 ,

z l ■  z e t a ( 1 , 1 ,

z 2 ■  z e t a ( l ,2 ,

)

>

>

iz 3  z e t a ( 1 , 3 > t ,a )

z e t a ( 1 , 4 , t , a )  $

w s q r t ( t ) x e x p ( - k 3 x t / k 4 )  ; 
x  z o - z 2  ; 

y : «  z 2 -z 4  ;

IP Z 1S 1S P Z [i] :*» w x tx J 1 x (a x z 1 -tx (z O -2 x x /3 )) ;
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IPZ2 S2 S P Z [ l ]  := w x tx J 3 x (a x z 1 - t x ( z O -2 x x /3 ) )  $ 

IPZPXPXPZ[i] :=  w x ( a x ( j 8 x z 1 + 0 . l x j 7 x ( z U z 3 ) ) / t  

- J8 x ( z O - 2 x x / 3 ) - 0 . 2 x j 7 x ( x / 6 + 2 x y / 7 ) )  5

IPZPZPZPZ[i]  :=  w x ( a x ( j 8 x z 1 + 0 . 5 x j 7 x ( z 1 - . 4 x ( z 1 - z 3 )

) ) / t - J 8x ( z O - 2 x x /3  ) - 0 . 5x j7x (zO -O . 8x x - 8x y / 3 5 ) )

L4 : 

end ;

w r i t e ( 3 0 , f 1 , t )  l 
w r i t e ( 3 0 , f l , I P Z 1 S 1 S P Z [ i ] ) j 

wri t e ( 3 0 , f 1 , IPZ2S2SPZ[ i ] )  $

w r i t e ( 3 0 , f 1 , IPZPXPXPZ[ i ] )  j 

w r i t e ( 3 0 , f l  ,IPZPZPZPZ[i ] ) ;

wri t e ( 3 0 , f I +2, IPZPXPXPZ[ i  ] )  ;
X := 2 x s q r t ( ( k 5 x k 6 ) T 3 x k 3 T 5 /^ ) / ( k c t 3 x k 4 t 5 ) x

INTEGRATE( n , g r i d , IPZ1S1SPZ) ;

w r ite  t e x t (3 0 ,U 6 s llP Z 1 S 1 S P Z i)  $ 

w ri t e ( 3 0 , f 1 +2 , X) j 

X Y / ( 6 xkaT5xk^T2)xINTEGRATE(n,grid,IPZ2S2SPZ) ;

w r ite  te x t (3 0 ,[ [6 s ]IP Z 2 S 2 S P Z ]>) ;

w ri te  ( 3 0 , f  1 +2  ,  X ) ,*

X :■  Y/(4xkaT7)xINTEGRATE(n,grid,IPZPXPXPZ) ; 

w r i t e  t e x t (3 0 ,  [_£6 slIPZPXPXPZj[) ; 
w r i t e ( 3 0 , f 1 +2 ,X )  ;

X : «  Y / ( 4xkaT7)xINTEGRATE( n, g r  id ,IPZPZPZPZ) j 

w r i t e  text (30 ,| X 6s lIPZPZPZPZl )  ; 
w r i t e ( 3 0 , f 1 +2 ,X )  $

EEXXIITT : 

f io to  RepeatR }
EXIT :

p;oto  R epeat j 

OUT :

W
*
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c lon e  ( 3^ ) ;

close(20) ;
end PROGRAM
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( A1. 3 )  T ab les  o f  h y b rid  ln te g e r a ls  between carbon  an d . 

n it r o g e n  atom s.

The s c r e e n in g  param eters used In  com puting the ta b le s  

w ere as f o l l o w s :

C arbon : 1s ® 5 .7  au . (1 0 7 .7  nm*‘ . )

2x = 1 .625  au . ( 3 0 .7  n rr f.)

N it r o g e n : Is  *  6 .7  au. (1 2 6 .7  nm"* . )

2 s = 1 .9 5 0  au . ( 3 6 .8  m i ' . )  

where x  = 2 s , 2p x ,2p y ,2p z .

The v a lu e s  o f  the In te g r a ls  w ith in  the ta b le s  are g iv e n  

in  a tom ic  u n i t s .  To co n v e rt  the In te g r a ls  t o  eV m u lt ip ly  by the 

f a c t o r  2 7 . 2 1 . To co n v e r t  the in te r n u c le a r  d is ta n c e s  t o  nm. 

m u lt ip ly  by  th e  f a c t o r  0 . 0 5 2 9 2 .



4.500
4 .6 2 5
4 .7 5 0
4 .8 7 5
5.0 0 0
5 .1 2 5
5 .2 5 0
5 .3 7 5
5.50 0
5 .6 2 5
5 .7 5 0
5 .8 7 5
6 . 0 0 0

6 .1 2 5
6 .2 5 0
6 .3 7 5
6 . 5 0 0

6 .6 2 5
6 .7 5 0
6 .8 7 5
7 .0 0 0
7 .1 2 5
7 .2 5 0
7 .3 7 5  
7 -5 0
7 .6 2 5
7 .7 5 0  
7 -8 7 5
8 . 0 0 0

8 .1 2 5
8 .2 5 0
8 .3 7 5
8 .5 0 0

R.

1 .4 1 6 5 0 » -0 2  
1 .2 o 9 5 2 » -o 2  
1 .0 3 177® -0 2  
8 .7 9 3 0 1 » -0 3  
7 .4 8 6 8 7 » -0 3  
6 .3 6 9 1 0b - 03 
5 .4 l  3 79 » -0 3  
4 . 598o7 » -0 3  
3. 90222®-03 
3* 30922»-03 
2 .8 o 4 33»-0 3 
2 . 3748 5» -0 3 
2 .0 0 98 0 b -0 3  
1 .6 9 9 7 8 » -0 3  
1 .4 3 6 6 8 » -0 3
1 .2 1  358 »-0 3 
1 .0 2 4 5 4 » -0 3  
8 .6 4 4 6 6 » -o 4
7.29005»-04
6.1 4450»-o4 
5.17646»-o4 
4 .35866»-o4 
3.66832»-o4 
3.o8589»-o4 
2 .59477»-o4 
2. 18o86»-o4 
1.83221 »-04 
1 .53866»-o4 
1.291 63»-o4 
1 .o84l6»-o4 
9.09125»-05 
7- 62518»-05 
6 .38955b-05

<py1 s l l  spy>

1 . 33097»-02
1.1  391 8 » - o2 
9 .7 3 9 3 6 » -0 3  
8 .3 1 7 7 6 » -0 3  
7 .0 9 6 4 4 » -0 3  
6.04851 »-03  
5 .1 5o5 6 » -o 3 
4.3820110-03 
3 .72493io-o3
3.1 6378b - o 3 
2 .6 8 5 o4b- o 3 
2 .2 7 7 0 3 b -0 3  
1 .9 2 9 6 o» -0 3  
1 .6 3 4 o 4b-0 3  
1 . 3828o» -0 3
1 . 1  6944®-o 3 
9.88371 » - o 4  
8 . 34 833 »-o4 
7 . o4 7 3 3 »-o4 
5.94571 » -0 4
5.01 36o» - o4 
4.22531 b - 04  
3.5591 5 » -o 4  
2 .9 9 6 5 3 » -0 4  
2.521 62b - o 4
2 .1  21 0 0 » -0 4  
1 .7 8 3 2 2 » -o 4 
1 . 49857b-0 4  
1 .25 88 2 b - o 4 
1.0571 5 » -o 4  
8 . 8 7 1 6 8 »-0 5  
7 . 4 4 4 4 o»-0 5  
6 .2 4 2 6 3 » -0 5

<py2sI2spy>

1 .2 7 4 7 7 » -0 2  
1 .0 9 1 6 7 »-0 2  
9 . 3 3 8 2 6 » - o 3  

7 . 97 953 »-03  
6 .8 1 1  5 5 » -0 3  
5 . 8 o 8 8 1  b - 0 3  

4 . 94909»-03
4.21 2 8 2 » - o 3  

3 . 5 8 2 9 9 b - 0 3  

3 . o 4 4 8 o » - o 3  

2 . 5 8 5 3 9 b - 0 3  

2 .1 9 3 6 2 » -0 3  
1 .8 5 9 8 5 » -0 3  
1.57574*1-03 
1 . 3 3 4 1 2 » - o 3  

1 . 1 2 8 8 o » - 0 3  
9 . 54478B- o 4 
8 . o 6 5 7 8 b - o 4  

6 . 8 1 1 92»~o4 
5 . 7 4 9 6 7 » - o 4  

4 . 8 5 o 4 2 » - o 4  

4 . o 8 9 5 7 b - o 4  

3 . 44627®-o4 
2.90271 » - o 4  
2 .  4 4 3 6 8 ® - o 4  

2 .o 5 6 2 6 » -o 4  
1 .72948*1-04 
1 . 45398B-o 4  
1 . 2 2 1  8 3 ® - o 4  

1 , o 2 6 4 7 b - o 4  

8 . 6 1 741 b - 0 5  

7 . 2 3 3 6 7 b - 0 5  

6 . o 6 8 o 8 b - 0 5

<pypxlpxpy>

T a b le ( A 1 . 1 )  
H y b rid  I n t e g r a l s  b e tw e e n  tv



<pypyipypy>

1 .352o8»-o2 
1 .1 5641 » -0 2  
9.87984»-o3 
8.43221 »-03 
7.18961 b-03 
6.12429k- 03 
5.2121 5»-03 
4.432o2»-o3 
3.76552»-03 
3.19669b-03 
2.71171 »-03 
2.29862»-o3 
1.94707»-03 
1.64816»-o3 
1.39421 »-03 
1.17865»-03 
9 .958o5»-o4 
8.4o827»-o4 
7 .o9562»-o4 
5.98459»-o4 
5 .o4488»-o4 
4.25o46»-o4 
3 .57935»-o4
3.01 274»-o4 
2.53463»-o4
2.1 3142»-o4 
1.791 57»-o4 
1•5o525»-o4 
1.2641 6»-o4 
1.061 42» - o4 
8.90572»-o5 
7.471 61 »-05 
6.26425»-05

<t>ypzlpzpy>

1 .366o6»-o2
1.1 6946»-o2 
9.99998b-03 
8.541 54»-o3 
7.28815»-03 
6.21243»-03 
5.29o45»-03 
4.5o1 18»-o3 
3.82629»-03 
3.24986» - o3 
2.758o4»-o3 
2. 33884»-o3 
1.98188»-o3 
1.67821 »-03 
1.42oo8»-03 
1,2oo86»-03
1.01 483»-03
8.57095b-04 
7.23446»-o4 
6.1o287»-o4 
5.14584»-o4 
4. 33591 »-04 
3.651 82»-o4 
3.0741 3»-o4 
2.58656»-o4
2.1 7530b- o4 
1,8286o» - o4 
1 .53648»-o4 
1 .29o47»-o4 
1. o8355»-o4 
9.091 90»-05 
7.62792»-05 
6 .39557»-05

/o c a rb o n  atom s



R. <pypxlpxpy><pyl s II spy> <py2sI2spy>

8.625 5.35384*-o5
8 . 7 5 0  4 . 4 8 4 5 0 b - 0 5

8.875 3.755o6„-o5
9.000 3.14326*-o5
9.125 2.63031 »-05
9.250 2.2oo4o»-05
9.375 1 .84ol8»-o5
9.500 I.53850B-05
9.625 1.28591 b-05
9.750 1.07449»-o5
9.875 8. 97584b- o6

1 0 .0 0 0  7 .4 9 6 I0 B -0 6
1 0 . 1 2 5  6 . 2 5 8 6 0 B - 0 6

10.250 5.224o8b-o6
10.375 4.3591IB-06
10.500 3.6371 2b~o6
10.625 3.03426b-06
10.750 2.52982b-0 6
10.875 2.1 o952b- o6
11.00 1.7581 2b~o6
1 1 . 1 2 5  1 . 4 6 5 3 0 b - o 6

11.250 1.22063b-06
1 1 . 3 7 5  1 . 0 1  6 9 5 b - o 6

1 1 . 5 0 0  8 . 4 6 7 9 4 b - 0 7

1 1 . 6 2 5  6 . 5 5 3 5 0 B - 0 7

1 1 - 7 5 0  5 . 8 6 9 7 6 B - 0 7

1 1 • 8 7 5  4 . 8 8 6 3 0 B - 0 7

12.000 4.05707b'07
12.125 3. 3831 6»-o7
12.250 2 .8l 379b-07
12.375 2. 34071 »-07
12.500 1.94617b-07
12.625 1 .6 i 8o3b-07

5 . 2 3 3 6 7 b - 0 5  

4 . 3 8 6 2 0 B - 0 5  

3 . 6 7 4 6 7 B - 0 5  

3 . 0 7 7 5 1  b - 0 5  

2 . 5 7 6 5 5 b - 0 5  

2 . 1 5 6 4 3 B - 0 5  

1 .8 o 425b-0 5  
1 . 5 0 9 1  2 b - 0 5  

1 . 2 6 1 8 8 a - 0 5  

1 . 0 5 4 8 5 b - 0 5  

8 . 8 1  5 2 6 » - o 6  

7 .  3 6 4 8 1 B - 0 6

6 . 1  5 1  2 9 b - 0 6

5 . 1  3 6 3 7 » - 0 6

4 . 2 8 7 8 1  » - 0 6  

3 . 5 7 8 5 2 b - o 6  

2 . 9 8 6 o 7 » - o 6  

2 . 4 9 ü 6 8 b - o 6  

2 . 0 7 7 3 3 b - o 6  

1 . 7 3 1  9 7 b - o 6  

1 . 4 4 3 8 0 B- 0 6  
1 . 2 0 3 1  7 b - 0 6  

1 . 0 0 2 5 9 b - 0  6  

8 . 3 5 1  3 3 » - 0 7  

6 . 4 6 5 ü 6 b - 0 7  

5 . 7 9 1  9 0 b - 0 7  

4.8223O B-07
4 . 0  5 0 9 b - 0 7  

3 . 3 4 o 4 2 b - 0 7  

2 . 7 7 9 1  7 b - 0 7  

2 . 312 8 0 B - 0 7  

1 . 9 2 3 0 1  b - 0 7  

1  •  5 9 9 1  5 b - 0 7

5.08911 b-05 
4.26652b-05
3.57561 b- 05 
2.99554b-05 
2 .50874B-05
2.1 0035b-05 
1.75787B-05 
1 .4 7 0 7 9 3 0 -0 5  
1.23021 b-05 
1 .02867b-05 
8.59903b- o6
7.1 8623b-06
6 . 0 0 3 8 2 b - 0 6

5.01 463b- o6 
4 .1 87 32 b- o 6 
3 . 4955930-06 
2.91 764b- o6 
2 . 43423b- o6 
2 . o 3076b - o6 
1 . 69357*-o6 
1.4121 4 » -o 6
1 .1770730-06 
9.81068 b-07 
8.17399®-07 
6 . 3 2 9 8 0 B -0 7  
5.671 49b-07 
4.72309io- 07 
3 .92338B-07 
3.27312»-o7 
2.7237530-07 
2.26654b- o7 
1 .88544b-07 
1 .56823b-07
T able(A l.1 )

Hybrid In tegra ls  between ti



5.25087b-05 
4 .39987»-05 
3.68552»-o5 
3.0811 2»-o5 
2 .58336»-05
2.1 6l 8 2 »-0 5  
1 . 8 o8 5 0 » -0 5  
1.51 247»-05 
1 .26452B-05 
1 .05692»-05 
8.831 51 b-06 
7 .3 7 7 5 4 b- o6 
6 . 1 6 l 22b- o6
5.1 4411 b- o6 
4.29381 b- o6 
3.5831 7b-06
2. 98968b- o6
2. 49343b- o6 
2.07945b- o6 
1.73358»-o6 
1 .445o2b- o6 
1 .2o24)8b- o6
1 .00328b-06
8.35637b-07 
6 .46833»-07 
5.79455b-07 
4.8241 9b-07
4.01 638b-07 
3.341 30b-07 
2.77971 b-07 
2.31 250b-07 
1.9231 5b-07 
1 • 5991 8b-07

<pypylpypy>

5 . 3 6 1 0 3 b - 0 5  

4 . 4 9 2 2 2 b - 0 5  

3 . 7 6 2 8 8 b - 0 5  

3 . 1  5 0 8 9 b - 0 5  

2 . 6 3 7 5 5 b - 0 5  

2 . 2 0 7 1  3 b - 0 5  

1 , 8 4 6 3 6 b - 0 5  

1  . 5 4 4 1  O b - 0 5  

1 . 2 9 0 9 3 m - 0 5  

1 . 0 7 8 9 5 b - 0 5  

9 . 0 1 5 2 4 b - o 6  

7 . 5 3 0 6 9 b - 0 6

6.28883 b -o 6
5 . 2 5 0 3 9 b - 0 6  

4 . 3 8 2 3 0 b - o 6  

3 .  6 5 6 8 o b - o 6  

3 . 0 5 0 9 1  b - 0 6  

2 . 5 4 4 3 7 b - o 6  

2 . 1 2 1  7 8 b - o 6

1.76876B-06
1 . 4 7 4 2 4 b - o 6  

1 . 2 2 8 3 6 b - o 6  

1 . 0 2 3 4 2 » - o 6  

8 . 5 2 3 6 3 b - 0 7  

6 . 5 9 7 0 5 b - 0 7  

5 . 9 0 9 6 6 b - 0 7  

4 . 9 1  9 6 1  b - 0 7  

4 . o 8 5 5 2 b - 0 7  

3 .  4 o 6 8 5 b - 0 7  

2 . 8 3 4 o 5 b - 0 7  

2 . 3 5 7 5 0 b - 0 7  

1 . 9 6 o 4 3 b - 0 7  

1 . 6 3 o o 5 b - 0 7

<pypzlpzpy>

1

1

cont.
KO carbon atom3

2
5
7



1 2 . 7 5 0  1 . 3 4 5 0 9 b - 0 7

1 2 . 8 7 5  1 . 1 1 7 9 3 » - 0 7

1  3 . 0 0  9 .  3 0 3 1 9 b - o 8
1  3 . 1 2 5  7 . 7 1 8 9 1  » - 0 8

1 3 .2 5 0  6 .4 l2 6 6 » -o 8
1  3 .  3 7 5  5 .  3 2 6 2 8 , 0 - 0 8

1  3 . 5 0 0  4 . 4 2 3 4 3 b - o 8

1  3 . 6 2 5  3 . 6 7 3 o 6 b - o 8

1  3 . 7 5 0  3 . o 4 9 6 4 » - o 8

1  3 . 8 7 5  2 . 5 3 1  4 9 ,0-08
1 4 .0 0  2 .1 o74o » - o8
1 4 . 1 2 5  1 . 7 4 3 7 7 » - 0 8

1 4 . 2 5 0  1 . 4 4 6 9 4 » - o 8

1  4 .  3 7 5  1 . 2 0 0 4 7 » - 0 8

1 4 . 5 0 0  9 . 9 5 8 5 4 » - 0 9

1 4 .6 2 5  8 .2 6 oo6 » - o9
1 4 . 7 5 0  6 . 8 5 0 3 8 b - 0 9

1 4 .8 7 5  5 .6 8 o5 6 » -0 9
1 5 . 0 0  4 . 7 0 9 9 1  » - 0 9

1 5 .1 2 5  3 .9 o 4 6 5 » -0 9
1 5 . 2 5 0  3 . 2 3 6 6 7 » - o 9

1  5 . 3 7 5  2 . 6 8 2 6 4 » - 0 9

1 5 . 5 0 )  2 . 2 2 3 1 9 b - 0 9

1 5 .6 2 5  1 . 7 0 8 7 2 ,0 -0 9
1 5 . 7 5 0  1 . 5 2 6 3 5 » - 0 9

1 5 . 8 7 5  1 . 2 6 4 5 0 , 0 - 0 9

1 6 .0 0 0  1 .o 4 7 4 6 » - o 9

R. <py1 sI1 spy>

1 . 3 2 9 6 3 » - 0 7  

1 . l 0 5 3 3 » - 0 7  

9 . 2 0 0 0 1 » - 0 8  

7 .6 3 4 8 2 » -o8
6 . 3 4 3 8 1  b - o 8

5 . 2 7 0 1 7 b - o 8  

4 . 3 7 7 5 9 »-o8 
3 . 6 3 5 6 2 b - o 8  

3 . 0 1 8 9 8 B - 0 8  

2 . 5 0 6 5 1  b - o 8  

2 . o8694b- o8
1 . 7 2 7 o 8 b - o 8

1 . 4 3 3 3 0 b - o 8  

1  . 1  8 9 3 3 b - o 8  

9 . 8 6 7 5 7 b - 0 9

8 . 1  8 5 7 5 b - 0 9  

6 . 7 8 9 6 9 b - 0 9  

5 . 6 3 0 9 8 b - 0 9  

4 . 6 6 9 4 2 b - 0 9  

3 . 8 7 1  5 8 » - o 9  

3 . 2 0 9 6 6 b - 0 9  

2 . 6 6 o 5 8 b - 0 9  

2 . 2 0 5 1  7 b - 0 9  

1 . 6 9 5 1  5 b - 0 9  

1 . 5 1  4 3 3 b - 0 9  

1  , 2 5 4 6 8 b - 0 9  

1  . 0 3 9 4 4 b - 0 9

<py2sI2spy>

1 . 3 0 4 1  8 b - 0 7  

1 . o8438b -0 7
9 . 0 2 7 5 5 b - o 8

7 . 4 9 2 9 5 b - o 8

6 . 2 2 7 0 1 b-o8
5 . 1 7 4 1  5 b - o 8  

4 . 2 9 8 6 o b - o 8  

3 . 5 7 0 6 5 b - 0 8  

2 . 9 6 5 5 6 b - o 8  

2 . 4 6 2 5 7 b - o 8  

2 . 0 5 0 7 9 b - 0 8  

1  . 6 9 7 3 7 b - 0 8  

1 . 4 o 8 8 8 b - o 8

1 . 1  6 9 2 6 b - 0 8  

9 . 7 0 2 5 7 b - 0 9  

8 . 0 5 0 1 4 b - 0 9  

6 . 6 7 8 2 3 b - 0 9  

5 . 5 3 9 3 9 b - 0 9  

4 . 5 9 4 1  6 b - 0 9  

3 . 8 o 9 7 4 b - o 9  

3 . 1 5 8 8 5 b - 0 9  

2 . 6 1  8 8 4 b - 0 9

2 . 1  7 o 8 8 b - 0 9  

1 . 6 6 9 1  2 b - 0 9  

1  . 4 9 1 2 0 b - 0 9  

1  . 2 3 5 6 9 b - 0 9  

1 . 0 2 3 8 3 b - 0 9

<pypxlpxpy>

T able  (A1.1 ) 
H ybrid  I n t e g r a ls  betw een t



1 . 3 2 9 5 9 » - o 7  

1 . l 0 5 2 3 » - 0 7

9 . 1  9 8 6 8 b - o 8  

7 . 6 3 3 3 7 » - o 8  

6 . 3 4 2 3 3 b - o 8  

5 . 2 6 8 6 7 r - o 8  

4 .  3 7 6 1  5 b - o 8  

3 . 6 3 4 2 6 » - o 8  

3 . 0 1 7 7 3 » - o 8  

2 . 5 o 5 3 7 b - o 8  

2 . o 8 5 8 9 » - o 8  

1 . 7 2 6 1  6 3 0 - 0 8  

1  . 4 3 2 4 9 » - o 8  

1  . 1 8 8 6 1  » - 0 8  

9 . 8 6 1 2 7 i o - o 9  

8 . 1 8 o 2 5 » - 0 9  

6 . 7 8 4 9 0 b - 0 9  

5 . 6 2 6 8 4 » - o 9  

4 . 6 6 5 8 4 » - o 9  

3 . 8 6 8 4 9 b - 0 9  

3 . 2 0 7 0 1  b - 0 9  

2 . 6 5 8 3 1  b - 0 9  

2 . 2 0 3 2 3 b - 0 9  

1  . 6 9 3 5 9 b - 0 9  

1 . 5 1  2 9 2 b - 0 9  

1 . 2 5 3 4 9 b - 0 9  

1 . 0 3 8 4 2 b - 0 9

<pypyipypy>

1 . 3 5 5 1 3 b - 0 7  

1  . 1 2 6 3 8 b - 0 7  

9 .  3 7 3 7 8 b - 0 8  

7 . 7 7 8 1  3 b - o 8  

6 . 4 6 2 o 4 b - o 8  

5 . 3 6 7 6 8 » - o 8  

4 . 4 5 8 0 1  b - o 8  

3 . 7 0 1  9 3 b - 0 8  

3 . 0 7 3 6 6 b - 0 8  

2 . 5 5 1  58»-o8 
2 . 1 2 4 1  3 b - o 8  

1 . 7 5 7 7 0 b - o 8  

1 . 4 5 8 5 4 b - o 8  

1 . 2 1 0 1  3 b - o 8  

1 . 0 0 3 8 9 b - 0 8  

8 . 3 2 6 8 7 b - 0 9  

6 . 9 0 5 9 3 b - 0 9  

5 . 7 2 6 7 2 b - 0 9  

4 . 7 4 8 2 6 b - 0 9  

3 . 9 3 6 5 0 b - 0 9  

3 . 2 6 3 1 1  b - 0 9  

2 . 7 o 4 5 8 b - o 9  

2 . 2 4 1  3 9 b - 0 9  

1 . 7 2 2 7 3 b - 0 9  

1 . 5 3 8 8 7 b - 0 9  

1 . 2 7 4 8 8 b - 0 9  

1 . 0 5 6 q 6 b - 0 9

<pypzlpzpy>

c o n t .
wo carbon  atoms



4 .5 0 0  6 . 6 1 1 5 9 , - 0 2
4 .6 2 5  5 .8 8 1 1 7 » -0 2
4 .7 5 0  5 - 2 1 8 2 6 ,- 0 2
4 .8 7 5  4 .6 1 9 1 1 ,-0 2
5 .0 0 0  4 . 0 7 9 6 3 ,- 0 2
5 .1 2 5  3 -5 9 5 5 4 ,-0 2
5 .2 5 0  3 . 1 6 2 6 1 » - 0 2
5 .3 7 5  2 . 7 7 6 5 5 , - 0 2
5 .5 0 0  2 . 4 3 3 2 4 » -0 2
5 .6 2 5  2 . 1 2 8 7 5 , - 0 2
5 .7 5 0  1 .85 93 5 i.-0 2
5 .8 7 5  1 . 6 2 1 5 3 , - 0 2
6 .0 0 0  1 .4 l2 0 5 » -0 2
6 . 1 2 5  1 .2 2 7 9 1 » -0 2
6 .2 5 0  1 . o6 6 3 3 » - 0 2
6 .3 7 5  9 .2 4 8 2 8 » -0 3
6 .5 0 0  8 . 0 1 1 1 2 » - 0 3
6 .6 2 5  6 .9 3 1 2 5 ,-0 3
6 .7 5 0  5 .9 9 0 1 2 » -0 3
6 .8 7 5  5 .1 7 1 1 2 » -0 3
7 .0 0 0  4 . 4 5 9 4 4 ,- 0 3
7 .1 2 5  3 .8 4 1 7 9 ,-0 3
7 . 2 5 0  3 . 3 0 6 4 6 ,- 0 3
7 .3 7 5  2 . 8 4 3 0 6 ,- 0 3
7.500 2 . 18493»-03
7 .6 2 5  2 . 0 9 6 3 5 ,- 0 3
7 .7 5 0  1 .7 9 7 8 2 ,-0 3
7 .8 7 5  1 .5 4 0 5 4 ,-0 3
8 .0 0 0  1 .3 1 9 0 4 ,-0 3
8 . 1 2 5  1 . 1 2 8 6 4 ,- 0 3
8 .2 5 0  9 . 6 4 8 1 3 ,- 0 4
8 .3 7 5  8 .2 4 3 4 3 ,-0 4
8 .5 0 0  7 . 0 3 6 9 7 ,- 0 4

R. < pz1sllspz>

6 . 0 9 6 5 8 ,- 0 2  
5 .4 4 2 8 3 ,-0 2  
4 .8 4 5 7 7 ,-0 2  
4 .3 0 3 0 4 ,-0 2  
3 . 8 1 1 8 1 , - 0 2  
3 . 3 6 8 9 1 ,- 0 2  
2 .9 7 1 0 4 ,-0 2  
2 . 6 1 4 8 1 ,-0 2
2 . 2 9 6 8 3 ,- 0 2  
2 . 0 1 3 8 2 ,- 0 2  
1 . 7 6 2 6 0 ,- 0 2  
1 . 5 4 0 1 7 , - 0 2  
1 .3 4 3 6 8 ,-0 2  
1 . 1 7 0 5 0 ,- 0 2  
1 . 0 1 8 1 7 , - 0 2  
8 .8 4 4 4 8 ,-0 3  
7 . 6 7 2 8 0 ,- 0 3  
6 .6 4 7 9 8 ,-0 3  
5 .7 5 3 0 8 ,-0 3
4 . 9 7 2 8 9 ,- 0 3
4 .2 9 3 7 5 ,-0 3
3 .7 0 3 3 8 ,-0 3
3 . 1 9 0 9 0 ,- 0 3
2 .7 4 6 6 2 ,-0 3  
2 .3 6 1 9 5 ,-0 3  
2 . 0 2 9 2 8 ,- 0 3  
1 .7 4 1 9 3 ,-0 3  
1 .4 9 3 9 8 ,-0 3  
1 .2 8 0 2 7 ,-0 3
1 . 0 9 6 3 1 ,- 0 3
9 .3 7 9 6 3 ,-0 4
8 . 0 1 9 6 7 ,- 0 4
6 .8 5 1 2 4 ,-0 4

<pz2sI2spz>

5 .8 1 4 2 2 ,-0 2  
5 .1 9 3 8 7 ,-0 2  
4 .6 2 6 9 2 ,-0 2  
4 .1 1 1 2 1 ,-0 2  
3 .6 4 4 1 0 ,-0 2  
3 . 2 2 2 6 5 ,- 0 2  
2 .8 4 3 7 8 ,-0 2  
2 .5 0 4 3 2 ,-0 2  
2 .2 0 1 1 0 ,-0 2  
1 . 9 3 1 0 3 ,- 0 2  
1 . 6 9 1 1 3 , - 0 2  
1 . 4 7 8 5 8 ,- 0 2  
1 . 2 9 0 6 9 ,- 0 2  
1 .1 2 4 9 7 ,-0 2  
9 .7 9 1 1 2 ,-0 3  
8 . 5 0 9 8 8 ,- 0 3  
7 .3 8 6 5 3 ,-0 3  
6 .4 0 3 3 5 ,-0 3  
5 .5 4 4 2 8 ,-0 3  
4 .7 9 4 8 8 ,-0 3  
4 .1 4 2 1 4 ,-0 3  
3 .5 7 4 3 9 ,-0 3  
3 . 0 8 1 2 6 ,- 0 3
2 .6 5 3 5 2 ,-0 3
2 . 2 8 2 9 6 ,- 0 3  
1 . 9 6 2 3 2 ,- 0 3  
1 . 6 8 5 2 1 , - 0 3  
1 .4 4 5 9 9 ,-0 3  
1 .2 3 9 6 8 ,-0 3
1 . 0 6 2 0 1 ,- 0 3
9 .0 8 9 9 7 ,-0 4
7 .7 7 5 2 3 ,-0 4
6 .6 4 5 1 0 ,-0 4

T a b le (A 1 .1 )

<pzpxlpxpz>

H ybrid I n t e g r a ls  betw een U



5 . 8 1 4 2 2 , - 0 2  

5 . 1 9 3 8 7 , - 0 2  

4 . 6 2 6 9 2 , - 0 2  

4 . 1 1 1 2 1 » - Ü 2  

3 . 6 4 4 1 0 , - 0 2  

3 . 2 2 2 6 5 ,- 0 2  
2 . 8 4 3 7 8 , - 0 2  

2 . 5 0 4 3 2 , - 0 2  

2 . 2 0 1 1 0 , - 0 2  

1 . 9 3 1 0 3 , - 0 2  

1 . 6 9 1 1 3 , - 0 2  

1 . 4 7 8 5 8 , - 0 2  

1 . 2 9 0 6 9 ,- 0 2  
1 . 1 2 4 9 7 , - 0 2  

9 . 7 9 1 1 2 , - 0 3

8 . 5 0 9 8 8 ,- 0 3
7 . 3 8 6 5 3 , - 0 3

6 . 4 0 3 3 5 , - 0 3

5 . 5 4 4 2 8 , - 0 3

4 . 7 9 4 8 8 , - 0 3

4 .1 4 2 1 4 , - 0 3
3 . 5 7 4 3 9 , - 0 3

3 . 0 8 1 2 6 ,- 0 3
2 . 6 5 3 5 2 , - 0 3

2 . 2 8 2 9 6 ,- 0 3
1 . 9 6 2 3 2 , - 0 3

1 . 6 8 5 2 1 , - 0 3  
1 . 4 4 5 9 9 , - 0 3  

1 . 2 3 9 6 8 , - 0 3  

1 . 0 6 2 0 1 ,- 0 3
9 . o 8 9 9 7 » - o 4

7 .7 7 5 2 3 » -o 4
6 . 6 4 5 1 0 , - 0 4

<pzpylpypz>

6 . 6 6 1 3 0 ,- 0 2
5 - 9 4 0 7 5 , - 0 2  

5 . 2 8 3 4 6 , - 0 2  

4 . 6 8 6 7 0 , - 0 2  

4 . 1 4 7 2 2 , - 0 2  

3 . 6 6 1 4 2 , - 0 2  

3 . 2 2 5 5 5 , - 0 2  

2 . 8 3 5 7 8 , - 0 2  

2 . 4 8 8 2 9 , - 0 2  

2 . 1 7 9 4 0 , - 0 2  

1 . 9 0 5 5 4 , - 0 2  

1 . 6 6 3 3 5 , - 0 2  

1 . 4 4 9 6 7 » - 0 2  

1 .2 6 1 5 5 ,-0 2  
1 . 0 9 6 2 8 ,- 0 2  
9 . 5 1 3 6 7 , - 0 3  

8 . 2 4 5 3 5 , - 0 3  

7 . 1 3 7 2 4 , - 0 3  

6 . 1 7 0 6 8 ,- 0 3
5 . 3 2 8 9 3 , - 0 3

4 . 5 9 6 9 7 » - 0 3

3 . 9 6 1 3 6 , - 0 3

3 . 4 1 0 1 7 , - 0 3

2 . 9 3 2 8 2 , - 0 3

2 . 5 1 9 9 2 , - 0 3

2 . 1 6 3 1 9 , - 0 3
1 . 8 5 5 3 5 , - 0 3  

1 . 5 8 9 9 7 , - 0 3  

1 . 3 6 1 4 5 , - 0 3  

1 . 1 6 4 9 1 , - 0 3  

9 . 9 5 8 9 3 , - 0 4

8 . 5 0 8 5 6 ,- 0 4
7 . 2 6 3 5 4 , - 0 4

<pzpzlpzpz>

i

co n t.
10 carbon atoms.

259



8 .6 2 5  6 . 0 0 3 6 0 ,- 0 4
8 .7 5 0  5 . 1 1 8 6 7 , - 0 4
8 .8 7 5  4 .3 6 1 3 9 , - 0 4
9 .0 0 0  3 .7 1 3 7 1 , - o 4
9 .1 2 5  3 .1 6 o5 9 » - o4
9 .2 5 0  2 . 6 8 8 1 7 ® -o4
9 .3 7 5  2 . 2 8 5 0 719 -0 4
9 .5 0 0  1 .9 4 1 3 6 » - o4
9 . 6 2 5  1 .6 4 8 4 6 ,-0 4
9 .7 5 0  1 .3 9 9 0 3 » -o 4
9 .8 7 5  1 .1 8 6 7 4 ,-0 4

1 0 .0 0 0  1 . 0 0 6 1 3 , - o 4
1 0 .12 5  8 .5 2 6 5 1  » - 0 5
10 .2 5 0  7 . 2 2 2 2 1 » - 0 5
1 0 .37 5  6 . 1 1 4 7 0 , - 0 5
1 0 .5 0 0  5 . 1 7 4 6 2 , - 0 5
10 .62 5  4 .3 7 7 4 8 ,-0 5
1 0 .7 5 0  3 .7 0 1 1 1 ,-0 5
10 .87 5  3 . 1 2 8 3 2 ,- 0 5
1 1 .0 0 0  2 . 6 4 2 7 3 ,- 0 5
1 1 . 1 2 5  2 . 2 3 2 0 1 » - 0 5
11 .2 5 0  1 . 8 8 4 1 2 ,- 0 5
1 1 .37 5  1 . 5 9 0 0 4 ,- 0 5
1 1 .5 0 0  1 .3 4 1 2 1 » - 0 5
1 1 .62 5  1 . 0 5 637 »-05
1 1 .7 5 0  9 .5 3 3 6 5 m- o6
1 1 . 8 7 5  8 . 0 3 4 0 3 ,- 0 6
1 2 .0 0 0  6 . 7 6 7 1 9 » - o 6
1 2 .12 5  5 . 6 9 9 0 3 11-0 6
1 2 .2 5 0  4 .7 9 7 2 3 ,-0 6
1 2 .3 7 5  4 .0 3 7 4 3 * -o6
1 2 .5 0 0  3 .3 9 6 5 1 » -0 6
1 2 .6 2 5  2 . 8565319-06

R. <pz1bI 1spz>

5.84924,-04  
4.99039*-o4 
4.25484,-04  
3.62535»-o4 
3.08713»-o4 
2.62721»-04  
2.23449»-o4  
1 .8994o» - o4 
1.61367»-o4 
1.37018 ,-o 4  
1.16282,-04  
9.86336,-05  
8.36231»-05  
7.086211,-05 
6.002031,-05 
5.081381,-05 
4.30015»-05 
3.63722,-05  
3.07536,-05  
2.59905»-05  
2.19576.-05  
1.85420,-05  
1.56525»-05  
1.32076,-05  
1.o4o67»-05
9.39385»-o6
7.91830»-o6
6.67187,-06  
5.62004,-06  
4.73219»-o6
3.98354,-06  
3.35210,-06  
2.81991»-06

<pz2sI2spz>

5.67550,-04  
4.844o4,-o4  
4.13164,-04  
3.52170,-04  
2.99997,-04  
2.55396,-04  
2.17296,-04  
1.84774,-04  
1.57031,-04  
1.33381,-04  
1.13233,-04  
9.60781,-05  
8.14822,-05
6.90694,-05
5.85197,-05
4.95582,-05
4.19513,-05
3.54942,-05
3.00197,-05
2.53773,-05
2.14454,-05
1.81144,-05  
1.52955,-05
1.29097,-05
1.01756,-05  
9.18663,-06
7.74553»-o6
6.52787,-06
5.50005,-06
4.63224,-06
3.90030,-06
3.28279,-06
2.76221,-06

<pzpxlpxpz>

Table(A1.1 )
Hybrid In teg ra ls  between ti



5 . 6 7 5 5 0 , - 0 4  
4 . 8 4 4 o 4 , - o 4  
4 . 1 3 1 6 4 , - 0 4  
3 . 5 2 1 7 0 , - 0 4  
2 . 9 9 9 9 7 » - o 4  
2 . 5 5 3 9 6 , - 0 4  
2 .1 7 2 9 6 » -o4 
1 . 8 4 7 7 4 , - 0 4  
1 .5 7 0 3 1 , - o 4  
1 .3 3 3 8 1 , - o 4  
1 . 1 3 2 3 3 » - o 4
9 . 6 0 7 8 1 , - 0 5

8 . 1 4 8 2 2 , - 0 5
6 . 9 0 6 9 4 , - 0 5  

5 . 8 5 1 9 7 , - 0 5  
4 . 9 5 5 8 2 , - 0 5
4.19513,-05
3 . 5 4 9 4 2 , - 0 5  
3 . 0 0 1 9 7 , - 0 5  

2 . 5 3 7 7 3 , - 0 5  
2 . 1 4 4 5 4 , - 0 5  
1 . 8 1 1 4 4 , - 0 5  
1 . 5 2 9 5 5 , - 0 5  
1 . 2 9 0 9 7 » - 0 5  
1 . 0 1 7 5 6 , - 0 5  

9 .1 8 6 6 3 ,-0 6  
7 .7 4 5 5 3 » -o6
6 . 5 2 7 8 7 , - 0 6

5 . 5 0 0 0 5 , - 0 6

4 . 6 3 2 2 4 , - 0 6
3 . 90030,-06
3 . 2 8 2 7 9 » - 0 6
2 . 76221,-06

<pzpylpypz>

6 .1 9 6 7 3 b - o 4  
5 . 2 8 3 0 9 » - o 4 
4 . 5 0 1 2 4 , - 0 4  
3 . 8 3 2 6 6 , - 0 4  
3 . 2 6 1 4 5 , - 0 4  
2 . 7 7 3 7 2 , - 0 4  
2 . 3 5 7 5 6 , - 0 4
2 . 0 0 2 7 3 , - 0 4  

1 . 7 0 0 3 8 , - 0 4  

1 . 4 4 2 9 2 , - 0 4  
1 . 2 2 3 8 1 , - 0 4  
1 . 0 3 7 4 5 , - 0 4  

8 . 7 9 0 4 7 , - 0 5
7.42*475,-05
6 . 3 0 2 1 4 , - 0 5
5 . 3 3 2 4 9 , - 0 5
4 . 5 1 0 1 9 , - 0 5

3 . 8 1 2 8 4 , - 0 5
3 . 2 2 2 1 4 , - 0 5
2 . 7 2 1 6 9 , - 0 5  

2 . 2 9 8 2 0 , - 0 5  

1 .9 3 9 7 3 * -0 5  
1 . 6 3 6 6 4 , - 0 5  
1 . 3 8 0 3 3 , - 0 5  
1 . 0 8 6 8 9 , - 0 5  
9 . 8 0 8 3 0 , - 0 6  

8 . 2 6 3 8 4 , - 0 6  
6 . 9 5 9 8 7 , - 0 6  
5 . 8 6 0 0 2 , - 0 6  

4 . 9 3 2 1 1 , - 0 6  
4 . 1 5 0 0 4 , - 0 6  
3 . 4 9 0 7 2 , - 0 6

2 . 9 3 5 3 0 , - 0 6

<pzpzlpzpz>

con t.
«0 carbon atoms.



R < p z ls llsp z > <pz2sI2spz> <pzpxlpxpz>

1 2 . 7 5 0  2 . 4 0 1 9 0 , - 0 6

1 2 .8 7 5  2 . 0 1 8 7 6 ,- 0 6  
1 3 .0 0 0  1 . 6 9 6 3 7 ,- 0 6
1 3 . 1 2 5  1 . 4 2 5 0 5 , - 0 6

1 3 . 2 5 0  1 . 1 9 6 7 2 , - 0 6

1 3 . 3 7 5  1 . 0 0 4 8 4 , - 0 6

1 3 . 5 0 0  8 . 4 3 4 4 6 , - 0 7

1 3 . 6 2 5  7 . 0 7 7 8 6 , - 0 7

1 3 . 7 5 0  5 . 9 3 8 0 8 , - 0 7

1 3 . 8 7 5  4 . 9 8 0 4 1 , - 0 7

1 4 . 0 0 0  4 . 1 7 6 2 1 , - 0 7

1 4 . 1 2 5  3 . 5 0 1 0 3 , - 0 7

1 4 . 2 5 0  2 . 9 3 4 3 1 , - 0 7

1 4 .37 5  2 .4 5 8 7 5 ,-0 7
1 4 . 5 0 0  2 . 0 5 9 7 9 , - 0 7

1 4 . 6 2 5  1 . 7 2 5 1 8 , - 0 7

1 4 . 7 5 0  1 . 4 4 4 6 0 , - 0 7

1 4 .87 5  1 . 2 0 9 3 9 ,- 0 7
1 5 . 0 0 0  1 . 0 1 2 2 7 , - 0 7

1 5 . 1 2 5  8 . 4 7 0 9 2 , - 0 8

1 5 . 2 5 0  7 . 0 8 7 2 2 , - 0 8

1 5 . 3 7 5  5 . 9 2 8 3 3 , - 0 8

1 5 . 5 0 0  4 . 9 5 7 9 5 , - 0 8

1 5 . 6 2 5  3 . 8 5 9 0 1 , - 0 8

1 5 . 7 5 0  3 . 4 6 5 6 6 , - 0 8

1 5 . 8 7 5  2 . 8 9 6 7 0 , - 0 8

1 6 . 0 0 0  2 . 4 2 0 6 9 , - 0 8

2 .3 7 1 4 3 ,-0 6  
1 .9 9 3 8 0 ,-0 6  
1 .6 7 5 7 7 ,-0 6
1.40805,-06  
1 .1 8 2 6 6 ,-0 6  
9 .9 3 2 6 8 ,-0 7
8 .3 3 8 9 7 ,-0 7
6 .9 9 9 1 1 ,-0 7
5 .8 7 3 0 3 ,-0 7
4.92682,-07
4.13204,-07
3 .4 6 4 6 1 ,-0 7
2 .9 0 4 2 9 ,-0 7
2 .4 3 4 0 0 ,-0 7
2.03989,-07  
1.70836,-07  
1 .4 3 0 7 5 » -0 7  
1 .1 9 7 8 9 ,-0 7  
1.00286,-07  
8 .3 9 3 3 9 ,-0 8  
7 .0 2 3 3 5 ,-0 8  
5 .8 7 5 7 2 ,-0 8
4 . 9 1 4 6 2 ,-0 8
3 .8 2 5 9 9 ,-0 8
3 .4 3 6 2 7 ,-0 8
2 .8 7 2 4 9 ,-0 8
2.40076,-08

2 .3 2 3 4 2 ,-0 6  
1 .9 5 3 8 5 ,-0 6  
1 .6 4 2 5 4 ,-0 6  
1 . 3 8 o 4 2 » - o 6
1 .1 5 9 7 9 ,-0 6  
9 .7 4 1 6 8 ,-0 7
8.18023,-07
6.86721,-07
5 .7 6 3 4 4 » -0 7
4 .8 3 5 8 o » -0 7
4.05645,-07
3 .4 0 1 8 6 ,-0 7
2.85219,-07  
2.39076,-07  
2.00351,-07  
1.67859,-07  
1.40605,-07  
1 .1 7 7 4 9 ,-0 7  
9 .8 5 8 7 3 ,-0 8  
8.25256,-08  
6.90660,-08  
5 .7 7 8 9 5 ,-0 8  
4 .8 3 4 4 2 ,-0 8  
3 .7 6 4 3 6 ,-0 8  
3 . 38121,-08  
2.82689,-08  
2.36298,-08

T a b le (A 1 .1 ) 
H ybrid  in t e g r a l s  betw een  ti



2.32342,-06  
1 .95385.-06  
1 .64254,-06  
1.38o42»-o6 
1.15979»-o6 
9.74168.-07
8 . 1 8 0 2 3 .- 0 7
6.86721,-07
5.76344,-07
4.83580,-07
4 . 0 5 6 4 5 ,- 0 7
3 .4 0 1 8 6 , - 0 7
2.85219,-07
2.39°76»-ü7
2.00351,-07
1 . 6 7 8 5 9 ,- 0 7
1 . 4 0 6 0 5 ,- 0 7  
1.17749,-07  
9.85873*-ü8
8 . 2 5 2 5 6 ,- 0 8
6 . 9 0 6 6 0 ,- 0 8
5.77895,-08  
4.83442,-08  
3.76436,-08  
3 .3 8 1 2 1 , - o 8  
2 . 8 2 6 8 9 ,- 0 8  
2 . 3 6 2 9 8 ,- 0 8

<pzpylpypz>

2 .4 6 7 4 7 i, - o6 
2 . 0 7 3 7 0 , - 0 6  

1 .7 4 2 2 3 » -ü6 
1 .46332,-06  
1 . 2 2 8 6 2 , - 0 6

1 .03l47»-o6  
8.65646,-07  
7.26293»-07
6 . 0 9 2 1 9 » - ü 7

5 . 1 0 8 8 6 , - 0 7  

4 . 2 8 3 2 1 » - 07 
3 . 5 9 0 1 3»-ü 7  
3 . oo8 4 8 »-0 7  
2 .5 2 ü48 »-0 7  
2.11115»-07 
1 .7 6 7 9 0 » -ü7 
1 .4 8 0 1 4 »-0 7  
1 .23 894»-07
1 . 0 3 6 8 3 . - 0 7  

8 . 6 7 5 0 5 . - 0 8  

7.25684,-08  
6 , 0 6 9 2 6 . - 0 8  

5 . 0 7 5 0 1 . - 0 8  

3.94926,-08  
3.54638,-08
2 . 9 6 3 7 1 » - 0 8  

2 . 4 7 6 3 1 , - 0 8

<pzpzlpzpz>

cont.
wo carbon atoms



4 .5 0 0
4 .6 2 5
4 .7 5 0
4 .8 7 5  
5 . 00a
5 .1 2 5
5 .2 50
5 .3 75
5 .500
5 .6 2 5
5 .750
5 .8 7 5
6 .0 0 0
6 . 1 2 5
6 .2 5 0
6 .3 7 5
6 .5 0 0
6 . 6 2 5
6 .7 5 0
6 .8 7 5
7 .0 0 0
7 .1 2 5
7 .2 5 0
7 .3 7 5
7 .5 0 0
7 . 6 2 5
7 -750
7 .8 7 5
8 .0 0 0
8 . 1 2 5
8 .2 5 0
8 .3 7 5
8 .5 0 0

R.

1 .0 1 0 9 1 » -0 2  
8 . 5 1 8 6 3 *5 -0 3  
7 .1 7 1 50*3 -0 3  
6 . 0 3 1 9 0 5 ,-0 3  
5 . 0 689610 -0 3 
4 . 2 5 6 1 9 *5 -0 3  
3.57088*5-03 
2.9936320-03
2 . 5 0 7 8 5 *5-0 3
2 . 0 9 9 4 2 *5 .0 3
1 .7 5 6 3 3 io-0 3  
1 .4 6 8 3 9 io-0 3  
1 . 2 2 6 9 2 *5-03 
l . 0 2 4 5 1 *3-03 
8 . 5 4 9 6 7 *5—0 4  
7.J3094*,-O 4 
5.94456*5-04 
4.95296*>-04 
4.12472*5-04 
3 .43332*,-04  
2.85651*3-04 
2.37554*5-04 
1 . 97470B-0 4  
1 .6 4 0 7 9 B_o4  
1 - 36278*5-04 
1 .13 14 5 *,-o4 
9.39047*,-O 5 
7.79072*3-05 
6 .4 6 12 0  jo- 0 5  
5 . 3 5 6 7 2 *5—0 5  
4.43959*3-05 
3 . 6 7 8 2 8 *3-0 5
3 .0 46 58* ,-05

<py1sllspy>

9 . 4 9 0 6 7 * ) - 0 3

8.01135*3-03
6 . 7 5 5 5 0 * , - 0 3

5.69O8330-O3
4.78939*2-03
4 . 0 2 7 0 8 * , - 0 3

3.38317*3-03
2 . 8 3 9 8 6 * 5 - 0 3  

2 . 3 8 1  9 0 * 5 — 0 3

1 . 9 9 6 2 7 * 5 - 0 3  

1 . 6 7 1 8 7 * 2 - 0 3  

1 . 3 9 9 2 3 * 5 - 0 3  

1 . 1 7 0 2 7 * 2 - 0 3  

9 . 7 8 1 3 1 » - 0 4  

8 . 1 7 0 1 9 * 5 - 0 4  

6 . 8 2 0 4 3 * 5 - 0 4  

5 . 6 9 0 4 6 * > - 0 4  

4 . 7 4 5 0 6 * 5 - 0 4  

3 . 9 5 4 6 4 * , - 0 4  

3 . 2 9 4 2 0 * 5 - 0 4  

2 . 7 4 2 7 1 * 5 - 0 4  

2 . 2 8 2 4 6 * , - o 4  

1 . 8 9 8 5 8 * 5 - 0 4  

1 . 5 7 8 5 4 * , - 0 4  

1 . 3 1 1 8 9 * 5 - 0 4  

1 . 0 8 9 8 4 * , - 0 4  

9 . 0 5 0 2 9 * 5 - 0 5  

7 . 5 1 2 6 0 * 5 — 0 5

6 . 2 3 3 8 3 * 5 - 0 5

5 . 1 7 0 8 4 * , - 0 5

4 . 2 8 7 6 4 * 5 - 0 5  

3 *  5 5 4 c ? 7 » — 0 5  

2 . 9 4 5 0 5 * 5 - 0 5

<py2sI2spy>

Hybrid In te g ra ls  between carbon and



9 . 1 2 7 0 6 B - 0 3

7 . 7 0 7 6 2 b - 0 3

6 . 5 0 2 0 5 * 5 - 0 3

5 . ^ 7 9 5 3 * 5 - 0 3

4 . 6 1 3 3 9 * 5 - 0 3

3 . 88060*5-0 3
3 . 2 6 1 3 5 * 5 - 0 3  

2 . 7 3 8 6 2 * , - 0 3  

2 . 2 9 7 8 3 * 5 - 0 3  

1 .9 2 6 5 1  *5 -0 3  
1 . 6 1 ^0 1 *5 -0 3
1 . 3 5 l 2 6 * , - 0 3  

1  . 1 3 0 5 3 * 5 - 0 3  

9 . 4 5 2 2 6 * 5 - 0 4  

7 . 8 9 7 9 1 * 5 - 0 4  

6 . 5 9 5 2 1 * 5 - 0 4  

5 . 5 0 4 2 4 * > - O i ;  

4 . 5 9 1 1 6 * 5 - 0 4  

3 . 8 2 7 4 9 * 5 - 0 4  

3 . 1 8 9 1 9 * 5 - 0 4  

2 . 6 5 6 0 3 *5-04 
2 . 2 1 0 9 3 *5-04 
1 . 8 3 9 5 7 * 5 - 0 4  

1 . 5 2 9 8 8 * 5 - 0 4  

1 . 2 7 1 7 8 * 5 - 0 4  

1 . 0 5 6 7 8 * 5 - 0 4  

8 . 7 7 7 8 6 * 5 - 0 5  

7 . 2 8 8 1 8 *5-0 5
6 . 0 4 9 0 3 *5-05
5 . 0 1 8 7 0 *5-0 5
4 . 1 6 2 4 1 *5-05
3 . 4 5 1 0 2 * , - 0 5

2 . 8 6 0 2 7 *5-05

<pypxlpxpy>

9 . 7 1 6 4 5 * 5 - 0 3  

8 . 1 9 7 3 4 * , - 0 3

6 . 9 0 8 6 5*5-03
5 . 8 168 8 *5-03
4 . 8 9 3 1 0 » - 0 3

4 . 1 1 2 3 8 *5-03
3 . 4 5 3 3 0 * 5 - 0 3

2 . 8 9 7 5 0 * , - 0 3

2 . 4 2 9 2 7 * 5 - 0 3

2 . 0 3 5 1 9 * 5 - 0 3

1 . 7 0 3 8 3 *5-03 
1  . 4 2 5 4 7 * 5 - 0 3  

1 . 1 9 1 8 1 *5-03 
9 . 9 5 8 0 8 * 5 - 0 4  

8 . 3 1 5 2 3 » - o 4  

6 . 9 3 9 4 1 * 5 - 0 4  

5 . 7 8 8 0 5 » - o 4  

4 . 8 2 5 0 9 * 5 - 0 4  

4 . 0 2 0 2 6 * , - 0 4  

3 . 3 4 7 9 9 * 5 - 0 4  

2 . 7 8 6 8 0 * 5 - 0 4  

2 . 3 1 8 6 o * , - o 4  

1 . 9 2 8 2 0 B - 0 4  

1 . 6 0 2 8 2 b - 0 4  

1 . 3 3 l 7 8 * , - o 4  

1 . 1 0 6 1 3 * 1 - 0 4

9 . 1 8 3 6 7 *5-05
7 . 6 2 1 8 2 *5-05
6 . 3 2 3 2 8 *5-05
5 . 2 4 4 l 0 * , - 0 5

4 . 3 4 7 6 2 *5-05
3 . 6 0 3 1 8 *5-05
2 . 9 3 5 2 5 ® - 0 5

<pypylpypy>

9 . 6 2 8 4 9 * > - 0 3

8 . 12 9 0 6 *5-03 
6 . 8 5 5 7 9 * 5 - 0 3  

5 . 7 7 6 0 7 * 5 - 0 3  

4 . 8 6 1 6 8 *5-03 
4 . 0 8 8 2 6*5-03 
3 . 4 3 4 8 5 * 5 - 0 3  

2 . 8 8 3 4 4 B - 0 3  

2 . 4 1 8 6 0 *5-03 
2 . 0 2 7 1 3 m - 0 3  

1  . 6 9 7 7 8 * 5 - 0 3  

1 . 4 2 0 9 5 * 5 - 0 3  

1 . 1 8 8 4 6 * 5 - 0 3  

9 . 9 3 3 5 0 * , - o 4  

8 . 2 9 7 4 3 * 5 - 0 4  

6 . 9 2 6 6 8 *5-04 
5 . 7 7 9 0 9 * 5 - 0 4  

4 . 8 1 8 9 4 * 5 - 0 4  

4 . 0 1 6 1 7 * 3 - 0 4  

3 . 3 4 5 4 o B - 0 4  

2 . 7 8 5 2 9 : 0 - 0 4  

2 . 3 1 7 8 5 * 5 - 0 4  

1 . 9 2 7 9 7 » - 0 4  

1 . 6 0 2 9 4 * 5 - 0 4  

1 . 3 3 2 l 4 * , - 0 4

1 . 1 0 6 6 3 *5-04
9 . 1 8 9 3 4 * 5 - 0 5

7 . 6 2 7 7 5 » - 0 5

6 . 3 2 9 1 7 » - 0 5

5 . 2 4 9 7 4 *5-05
4 . 3 5 2 9 0 B - 0 5

3 . 60 8 0 3*5-05
2 . 9 8 9 6 5*5-05

<pypzlpzpy>

Table(A 1 .2 )
n itrogen  atoms with the p o te n tia l due to the form er.
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R <pylsI1spy> <py2sI2spy>

8.625 2.52259»-05
8 .7 5 0  2 .0 8 8 1 1 d-0 5
8 .8 7 5  1•72795m-0 5
9 .0 0 0  1.42951*1-05
9.125 1 .18231 »-05
9.250 9.7761 Ojd-06
9.375 8.0814 lB-06
9.500 6.67883*1-06
9 .6 2 5  5 .5 1 8 3 3 » - 0 6
9.750 4.55844*>-06
9.875 3.76464x,-06

10.000 3. io84o*,-o6
10.125 2.5659810-06
10.250 2.1177810-06
10.375 1.74749»-06
1 0 .5 0 0  i .4 4 i6 6 » - 0 6
10.625 1.1891210-06
10.750 9.80650*1-07
10 .87 5  8 .O 8 5 7 O10-O 7
11.000 6.6656910-07
11 . 125  5 .4 9 4 0 7 io-0 7
11.250 4.52764b-07
11.375 3.73056»-07
11.500 3.07333io-07
11.625 2.53148*1-07
11.750 2.08482*1-07
1 1 .87 5  i .7 i 6 5 9 » - 0 7
12.000 1.41314b-07
12.125 1 .l6324»-07
12.250 9.57488*1-08
12.375 7.87992»-08
12.500 6.48396»-08
12.625 5.33463®-08

2 .4 3 9 6 l* ,-0 5
2 . 0 2 0 3 0 .1-  0 5
1 .67254 id-0 5  
1.38423*1-05 
1 .14530*1-05 
9.47369*1-06 
7 .8 3 4 2 7 b- o6 
6 . 4 7 6 8 9 *1-0 6
5.35333io-06
4 .42362.1 - 06 
3 .65448*,-06 
3.01839*1-06 
2.49244*1-06 
2 . 0 5 7 7 0 *1-06 
1 .69841 *,-0 6 
1 . 4 0 1 5 7 *1-06 
1 . 1 5 6 3 7 *1-0 6  
9 .5 3 8 9 6 id-0 7  
7.86714*1-07 
6.48715*1-07 
5.34822*1-07 
4.40850*1-07
3.63324.1- 07 
2 .9 9 3 8 3 b-0 7  
2 .4 66 54„,-0 7  
2 . 0 3 1 7 9 *5-0 7 
1.67335*1-071.37792*1-07
l . l 3 4 5 0 » - 0 7
9.33987® -08
7 . 6 8 7 8 9 *1-08
6 . 3 2 7 2 0 *1-0 8
5 . 20662* 1-08

Hybrid in te g ra ls  between carbon and



2 . 36987»-05 
1.9629^10-05 
1 . 62537x>-05 
1.3^5^6x1-05 
1 . 113^ 10-05 
9.211 83io-0 6
7 .6 1 9 1 2 b- o6 
6.30014 » -o 6  
5.2081 5io- o6 
^ .30439io- o6 
3 .55658 x)-o6 
2 .9 3 8 o i m- o6 
2.42646x5-06 
2.00354,0-06 
1.65396x1-06 
1.36509x1-06 
1 .12644x3-06 
9.29343x1-07 
7.66574x1-07 
6.32195x1-07 
5.21274x1-07 
4.29740x3-07 
3.54214x1-07 
2.91914x1-07
2.40530x3-07
1 .98159x1-07 
1.63220x1-07 
1 . 34419x3-07 
1.10686x1-07 
9 . 11341x1-08 
7.50235x1-08
6.17516x1-08
5.08205x1-08

<pypxlpxpy>

2.47251x1-05
2 . 04723xi-05
1.69458x3-05
1 . 40227xi-0 5
1.16006x3-05
9.59448x3-06
7.93311xi-06
6.55776x1-06
5.4l949io-06
4.47774x3-06
3.69875x1-06
3 . 05461xi-06
2.52207x1-06
2 . 08194xi-06
1.71823x1-06
1.41778x1-06
1.16963x1-06
9 . 64737xi-07
7 . 95581x,-07
6.55966x1-07
5 . 40751xi-0 7
4.45698x1-07
3.67288x1-07
3.02624x,-07
2.49303x1-07
2.05345x1-07
1.69106x1-07 
l . 39239x>-07 
1 . l 4633xi-07  
9 . 43661x>-08 
7.76698x1-08 
6 . 39184xi-08  
5.25945x1-08

<pypylpypy>

2 . 47645xi-05
2.05072»-05  
1.69765x1-05 
1.40496x3-05 
1.16241x1-05 
9.61476x3-06 
7.95059x>-06 
6.57278x1-06 
5.43235xi- 06 
4.48872x1-06 
3.70810x3-06
3.06255x1-06 
2.52880 x>-o 6 
2.08763x1-06 
1.72304*1-06
1 . 42184xi-06 
1.17305xi-06
9.67607x1-07
7 . 97988xi-07
6 . 57985x.-07
5.42443x3-07
4 . 47113x1-07
3 . 68471x1-073.0361213-07
2.50127x1-07
2.06032x1-07 
1.69678x1-07 
1.3971630-07 
1.15030x1-07
9.46960x3-08
7 . 79439k-08
6 . 4 l 460xi-08
5.27834x1-08

<pypzlpzpy>

1
MO'»VM
I

T able(A 1.2) con t.
n itrogen  atoms with the p o ten tia l due to the form er.



<py2sI2spy>R. <py1sllspy>

12.750 4.38853»-08
12.875 3 *6097330-08
13.000 2.96879*5-08
13*125 2.441 3^id-08
13*250 2.00738x5-08
13*375 1.65035»-08
13*500 i . 35668w-08
13*625 1 .1151 4b-08
13*750 9*1650730-09
13*875 7.53173io-09
14.000  6.18889*5-09
1 4 .12 5  5 .0 8 4 8 9 id-0 9
14.250 4.17748B-09
1 4 .37 5  3.4317830-09
14.500  2.81902b-09
14.625 2 .3 1 533io-09
1 4 .7 5 0  1 . 9 0 138 10 -0 9
1 4 .8 7 5  1 .5 6 1 3 1 » -0 9
15.000 1 .28199*5-09
1 5 . 1 2 5  1 . 0 5 2 5 4 *5-09
1 5 .2 5 0  8 . 6 4 o 8 o » - i o
15.375 7.09309B-10
15.500  5 . 82200]o-1 0
1 5 .6 2 5  4 . 7 7 8 1 7 x5-10
15.750 3.92l64x,-10
1 5 .8 7 5  3.22117*5-10
16 .000  2 . 65417x5-10

4.28397x5-08 
3.52433x5-08 
2.89905x5-08 
2.38439x5-08 
1.96087x5-08 
1 .61237x5-08
1 . 3256630-08 
1 . 0898130-08
8.95824*1-09 
7 . 36284*5-09
6 . 0 5 0 9 6 *5-09
4 . 9 7 2 2 6 *5-09
4 . 08550*5-09
3 .3 56 6 o*,-09
2 . 75753*5-09
2 . 2 6 5 0 9 x5-09 
1 . 8 60 3 8*5-09
1 . 52784*,-09 
1 . 25465*5-09 
1 . 0 3 0 2 1*5-09 
8 . 45850*5-10 
6 . 94428*5-10 
5 . 70054*,-l0 
4 . 67899*5-10 
3 .8 40 59* ,-io  
3 . 15^97*5-10
2 . 6 0 0 5 0 *5-10

H ybrid  in t e g r a l s  betw een carbon  and



<pypxlpxpy> <pypylpypy> <pypzlpzpy>

4 .1 8l 92)d-0 8
3 .^ 0 7 3 3 0 -0 8
2.83057»-08
2.3283030-08
1.91494.0- 08 
1 .57^76]d-0 8  
1 .29486 io*08 
1 .o 6 4 5 8 » -0 8  
8.75171 » - 0 9  
7.19374]o- 09 
5 .91252b -0 9  
4.8589330-09 
3 .99272 b-0 9  
3 . 2806530-09 
2 . 6953630-09
2 . 21420.0-  09
1 .8187330-09 
1 .49375 io-0 9  
1 . 2267630-09 
1 .OO73830-O 9 
8.2716730-10 
6.7913730-10 
5 .5 75 45 x>-10 
4 .5 76 72 » - 1 0  
3.75685® -10 
3 .0 8 5 7 0 r -10 
2 .5 4 1 2 5 b -1 0

4.3271630-08 
3 .5 59 63 c-0 8  
2 .9 2 7 9 0 30-O 8 
2 .4 0 7 9 7 d-0 8  
1 . 9 8 0 1 5 » -0 8  
1 . 6 2 8 1 3®-08
1.3385430-08 
1 .10033 k-0 8  
9 . o4424io-0 9
7 . 43312.0-  09 
6 .1 08 40b -0 9
5 . 0 1 9 2 0 .0-  0 9  
4 . 12386»-09 
3 . 38795®-09 
2 . 7 8 3 1 6 1 ,-0 9  
2 . 28604»-09 
1 . 87750»-09
1. 54183.0-  09
1.26608.0- 09 
1. 03955»-09
8 . 53480.0-  10 
7.00662»-10 
5 . 75148»-10 
4 . 72061»-10 
3.87460»-10 
3.18283»-10 
2.62352»-10

4 .3 4 2 8 2 » -0 8
3.57262»-08
2.93866»- o 8
2 . 4 l 6 8 8 » -0 8
1.98752.0- 08 
1.63423»-08 
1.34359»-08 
1 .10451 »-08  
9.07876»-09 
7 .4 6 i 64»-09
6 . 1 3 1 9 6 .0-  09
5 . 03866.0-  09 
4 . 1 3992»-0g
3.40119.0-  09
2.79407.0- 09
2 .2 9 5 0 3 » -0 9  
1 .8 8 4 9 2 » -0 9  
1 .5 4 7 9 5 »-0 9  
1 . 2 7 1 1 2 » - 0 9  
1 . 0 4 3 7 0 *3-09 
8 . 5690 3® -10
7.03483»-10 
5.77470»-10 
4.73970»-10 
3.89033»-10
3 . 1 96oo» - io
2.63516»-10

T a b le (A 1 .2 ) c o n t .
n it r o g e n  atoms w ith  the p o t e n t ia l  due to  the fo rm er .

49
2



R. < pz1sllspz>  <pz2sI2spz>

4 .5 0 0
4.625
4.750
4.875  
5 .000
5.125
5.250
5.375
5.500
5.625
5.750
5.875
6.000
6.125
6.250
6.375
6.500
6.625
6.750
6.875
7.000
7.125
7.250
7.375
7.500
7.625
7.750
7.875
8.000
8.125
8.250
8.375
8.500

5.19896.-02  
4 .55729.-02  
3.98520B-02  
3.47703.-02  
3.02720.-02 
2 .6 3 0 2 6 .-0 2  
2 .2 8 1 0 3 .-0 2  
1.97460.-02
1.70641»-02
1.47226.-02  
1 .2 6 8 2 8 .-0 2  
1.09097.-02 
9.37130.-03  
8.03908.-03  
6.88740.-03  
5.89353.-03  
5.03721.-03 
4.30052.-03 
3.66760.-03 
3.12447.-03  
2.65911.-03  
2.2 6111.-0 3
1.92105.-03
1.63060.-03 
1.38281.-03  
1.17175.-03  
9.92145.-04  
8.39427.-04  
7 .09693.-04  
5.99587.-04  
5.06218.-04  
4,27106.-04  
3.60129.-04

4.82109.-02  
4.23680.-02  
3.71376.-02  
3.24744.-02  
2.83323.-02  
2.46657.-02  
2.14303.-02  
1.85837.-02
1.60861»-02
1.39005.-02  
1.19924.-02  
1 .0 3 3 0 2 .-0 2  
8.88528.-03  
7.63173.-03  
6.54626.-03  
5.60801.-03 
4.79838.-03  
4.10084.-03  
3.50078.-03  
2.98532.-03  
2.54314.-03  
2.16431.-03  
1.84017.-03  
1.56314.-03  
1.32665.-03  
1.12499.-03  
9.53212.-04  
8.07027.-04  
6.82743.-04  
5.77177.-04  
4.87589.-04  
4.11626.-04  
3.47268.-04

Hybrid in te g r a ls  between carbon and



4 . 6 2 2 6 1  » - 0 2  

4 . 0 6 4 4 0 » - 0 2  

3 . 5 6 4 3 9 » - 0 2  

3 . 1 1 8 3 2 , - 0 2  

2 . 7 2 1 8 7 » - 0 2  

2 . 3 7 0 7 3 » - 0 2  

2 . 0 6 0 7 0 » - 0 2  

1 . 7 8 7 7 8 » - 0 2  

1 . 5 4 8 l 9 » - 0 2  

1  . 3 3 8 4 o » - 0 2  

1  . 1 5 5 1 5 b - 0 2  

9 . 9 5 4 4 8 » - 0 3  

8 . 5 6 5 5 8 » - 0 3  

7 . 3 6 0 0 2 » - 0 3  

6 . 3 1 5 5 7 b - 0 3  

5 . 4 l 2 3 8 » - 0 3  

4 . 6 3 2 6 7 b - 0 3  

3 . 9 6 o 6 2 „ - 0 3  

3 . 3 8 2 2 4 » - 0 3  

2 . 8 8 5 2 0 » - 0 3  

2 . 4 5 8 6 5 » - 0 3  

2 . 0 9 3 0 8 » - 0 3  

1 . 7 8 0 l 6 * - 0 3  

1 . 5 1 2 6 3 b - 0 3  

1 . 2 8 4 1 6 » - 0 3  

1 . o 8 9 2 7 b - 0 3

9 , 2 3 2 0 7 . - 0 4

7 - 8 1 8 3 9 b - 0 4  

6 . 6 1 6 1 2 » - 0 4  

5 . 5 9 4 6 o » - 0 4  

4 . 7 2 7 4 3 b - 0 4  

3 - 9 9 1 9 2 b - o 4  

3 . 3 6 8 6 1  » - 0 4

<pzpxlpxpz>

4 .62261 »-02 
4 . 06440»-02 
3 . 56439b-02  
3 . 11832»-02
2 .72187b-02
2 .37073b-0 2  
2.06070»-02 
1 .78778»-02 
1 . 54819b-0 2  
1 . 33840»-02 
1 . 15515b-02  
9 . 95448»-03 
8 . 56558b-03  
7 . 36002»-0^ 
6 . 31557»-03 
5 . 4 l 238»-03 
4 . 63267b-03  
3.96062,-03
3 . 38224»-03 
2 . 88520»-03 
2 . 45865»-03 
2 . 09308»-03 
1 . 78016 ,-03  
1. 5 i 263»-03 
1 . 28416 ,-03  
1. 08927»-03 
9 . 23207 ,-04  
7 .8 1839»-04 
6 . 6 l 6 i 2 » - o 4  
5.5946o» -o4 
4.72743»-o4 
3 . 99192»-04  
3 . 36861»-04

<pzpylpypz>

5 .2 1 805»-02  
4 . 58222»-02 
4 . 01251 ,-02  
3 . 50517»-02 
3 . 05540 ,-02  
2 . 65798,-02  
2 . 30770 ,-02  
1 . 99967»-02 
1 . 72950»-02 
1 . 49334b-02 
1 . 28740,-02  
1 .1 0 8 1 5 »“ 02 
9 . 52469,-03 
8 . 17523b-03 
7 . 00765,-03  
5 . 99927»-03 
5 . 12981,-03 
4 . 38130»-03 
3 . 73787,-03 
3 . 18557,-03 
2.71212»-03 
2.30679,-03 
1.96019,-03
1 .66417B-03 
1 .4 l l6 4 » -0 3  
1 .19 64 3»-03  
1 .01 32 2»-03  
8 .5 7 4 0 1 ,-0 4  
7 .2 5 0 o 4 » -o 4  
6 . 1 2 6 i o » - o 4  

5 .1 7 2 8 o » -o 4  
4 .3 6 4 9 1 »-0 4  
3 .6 8 o 8 2 » -o 4

<pzpzlpzpz>

T able(A 1.2) con t.n itrogen  atoms with the p o te n t ia l  due to  the



<pz2sI2spz>R. <pz1s!1spz>

8 . 6 2 5  3 . 0 3 4 6 7 „ - o 4
8.750 2.55567B-04
8.875 2 .1 5l02»-04
9.000 1,80942»-04
9.125 1.52125b-04
9.250 1.27830B-04
9.375 1.0736ob- o4
9.500 9.01233»-05
9.625 7 .56 l72n-05
9.750 6.34164*-05
9.875 5.31598b-05

10 .000  4 .45424*5-05
10.125 3.73O58B-05
10.250 3.12319*5-05
10.375 2.61361*5-05
10.500 2.18631»-05
10.625 1.82816*5-05
10.750 1.52812b-05
10.875 1.27685»-05
11.000 1.06652,5-05
11.125 8.90521B-o6
11.250 7.43314*-o6
11.375 6.20235b- o6
11.500 5.17372»-o6
11.625 4.31432b- o6
11.750 3.59656,,-o6
11.875 2.99720b- o6
12.000 2.49696B-o6
12.125 2.07968b-06
1 2 .2 5 0  1 .7 3 l7 3 » - o 6
12.375 1.44157®-o6
12.500 1 .19970b- o6
12.625 9.98153»-07

2.92786b-04 
2.46699b- 04 
2.07742b-04 
1.74836b-04 
1.47060,5-04
1.23629b-04 
1.03877b- o4 
8.72358*5-05 
7.32243b-05 
6.14337b-05 
5.15175b- 05 
4.31823*5-05 
3.6l796B-05 
3.02996B-05 
2.53645b- 05 
2.1 2246,5-05 
1 .77534b-05 
1 .48442b-05 
1.24071b-05 
1.03663b-05 
8 .6 5 8 o8b- o6
7.22886*j-06
6.03351b-06 
5.03419b-06 
4.19903b- 06 
3.50132b-06 
2 .9 1 8 6 ob - o6
2.43213b-06
2.02617b- o6
1 .68753b- o6 
1 ,4o5o8b- o6 
1 . i6958»-o6 
9.73294b-07

Hybrid in teg ra ls  between carbon and



<pzpxlpxpz> <pzpzlpzpz>

2.84079»-o4 
2.39419»-o4 
2.oi658»-o4 
1.69753d- 04 
1.42815»-04 
1.20o86»-o4 
1.00921»-04 
8.47707»-05 
7.11692,3-05
5 . 9 7 2 1 1 » - 0 5
5.00908,-05
4 . 1 9 9 4 2 » - 0 5
3.519o6»-05
2.94765,-05
2.46797b-05 
2.06551»-05 
1.72799»-05 
1.44507»-05 
1.20801»-05 
1.00946,-05 
8.43244»-o6 
7.04156»-06 
5.87806»-06
4 .9 0 5 1 8 » - o 6  
4 .0 9 1 9 9 » - o 6  
3.41253»-o6 
2 . 8 4 4 9 7 » - 0 6  2 .37109»-06 
1 . 9 7 5 5 8 » - o 6  
1 . 6 4 5 6 o » - o 6  
1.37034»-o6 
1.14o8o» -o6 
9 . 4 9 4 5 7 » - 0 7

2.84079»-04  
2.39419®-04 
2.01658»-04 
1.69753»-04 
1.42815»-04  
1.20086»-04 
1 .0 0 9 2 1 »-04  
8.47707»-05 
7 .1 i 692»-05 
5.97211» - 0 5  
5.00908»-05 
4.l9942»-05  
3.519o6»-05 
2.94765» - o5 
2.46797»-05 
2.06551» - 0 5  
1.72799»-05 
1.44507»-05 
1 . 2 0 8 0 1 » -0 5  
1 . 0 0 9 4 6 » -0 5
8 . 4 3 2 4 4 » - o 6  
7 . 0 4 1 5 6 » - o 6  
5 .8 7 8 o 6 » - o 6  
4 . 9 0 5 1 8 » - 0 6  
4 . 0 9 1 9 9 » - o 6  
3 .4 1 2 5 3 » - o 6  
2 . 8 4 4 9 7 » - 0 6  
2 .3 7 1 0 9 » ~ 0 6  
1 . 9 7 5 5 8 » - o 6  
1 .6 4 5 6 o » - o 6  
1 . 3 7 0 3 4 » - o 6  
1 . 1 4 0 8 0 » - 0 6  
9 . 4 9 4 5 7 » - 0 7

<pzpyipypz>

3 . 1 0 1 9 9 » - 0 4  
2 . 6 l 2 6 o » - o 4  
2 . l 9 9 1 2 » - o 4  
1 . 8 5 0 0 2 » - 0 4  
1 .5 5 5 4 9 » - o 4 
1 .3 0 7 1 5 ® -o 4  
1 .0 9 7 8 9 » - o 4 
9 . 2 l 6 6 2 » - 0 5  
7 . 7 3 3 4 5 » - 0 5  
6 . 4 8 5 9 0 » - 0 5  
5 . 4 3 7 0 9 » - 0 5  
4 . 5 5 5 8 5 , - 0 5  
3 .8 1 5 7 7 b - 0 5  
3 .1 9 4 5 7 b - 0 5  
2 . 6 7 3 3 9 » - 0 5  
2 . 2 3 6 3 5 » - 0 5  
1 . 8 7 0 0 5 » - 0 5  
1 . 5 6 3 1 3 » - 0 5  
1 . 3 0 5 9 3 » - 0 5  
1 , 0 9 o 6 o » - 0 5  
9 .1 0 6 8 1 » - o 6  
7 . 6 0 3 4 6 , - 0 6  
6 . 3 4 5 0 6 » - 0 6  
5 . 2 9 2 2 2 , - 0 6  
4 .4 1 2 9 5 » - o 6 
3 . 67888,-06  
3 . 0 6 5 8 6 , - 0 6  
2 . 5 5 4 2 1 , - 0 6  
2 . 1 2 7 3 7 » - 0 6  
1 . 7 7 1 3 9 » - o 6 
1 . 4 7 4 5 6 , - 0 6  
1 . 2 2 7 1 4 , - 0 6  
1 . 0 2 0 9 7 » - o 6

Table(A 1.2) con t.
n itrogen  atoms w ith the p o te n tia l due to  the form er.



R. < pzls!1spz> <pz2sI2spz> <pzpxlpxpz>

12.750 8.30262»-07
12.875 6.90434b-07
13.000 5.74016»-07
13.125 4 .77113»-07
13.250 3.96479b-07
13.375 3.29399»-07
13.500 2.73610»-07
13.625 2.27214»-07
13 .75 0  i .8 8 6 4 3 » -0 7
13.875 1.56588»-07
1 4 .0 0 0  l . 2 9 9 5 6 * - 0 7
1 4 .1 2 5  1 . 0 7 8 3 1 » - 0 7
14.250 8.94552»-08
14.375 7 .4l970»-08
14.500 6 .1 5304*-08
14.625 5 .10l60»-08
14.750 4.22904»-08
14.875 3.50509»-08
15.000 2.9o459»-o8
15.125 2.4o654„-o8
15.250 1.99356»-08
15.375 1.65119»-o8
15.500 1.36739»-o8
15.625 1.13216b-08
15.750 9.37294b-09
15.875 7.76202b-09
16.000 6.43899»-09

8 .0 9 7 4 5 * -0 7  
6 .7 3 5 0 4 * -0 7  
5 .6 oo48®-07 
4 .6 5 5 9 0 * -0 7  
3 .8 6 9 7 4 b-0 7  
3 .2 1 5 5 6 b-0 7  
2 .6 7 1 3 7 b- 07 
2 .2 l8 7 8 » -0 7  
1 •84247» - 0 7  
1 .52965 b-0 7  
1 ,26969 b-0 7
1.05638,5-07
8 .74257® -08  
7.25242b-08
6 .0 1  5 1 6 » - o8 
4.98798b-08 
4.13544b-08 
3.42798b-08 
2 .8 4 l0 7 » -0 8  
2 .3 5 4 2 2 » -0 8  
1.95048b-08 
1 . 6 1 571» - 0 8  
1 .3 3 8 1 6B- o 8 
1.1o 8o 8b - o 8 
9.17482b-09 
7 .6 0 0 4 1 » -0 9  
6 .3 1 0 5 5 » -0 9

H ybrid  in t e g r a l s  betw een  carbon  and

7 .90007b-07 
6 . 5 7 1 6 3 » - 0 7  
5 . 4 6 5 2 2 » - 0 7  
4 . 5 4 3 9 6 » - 0 7  
3 . 7 7 7 1 1 » - 0 7  
3.13892b-07 
2 .6 0 7 9 8 B -0 7  
2 . 1 6 6 3 5 » - 0 7  
1 .79912b-07 
1 . 4 9 3 8 1 » - 0 7  
1 .2 4 o o 6 B - 0 7  
1 .0 2 9 1 9 » - 0 7  
8 .5 4 0 1 5 » - 0 8  
7 .0 8 5 1 5 » - o 8  
5 . 8 7 6 9 7 » - 0 8  
4 . 8 7 3 8 3 » - 0 8  
4 . 0 4 1 1 5 » -o8 
3 . 3 5 0 1 1b-08
2.77677B-08 
2 .3 01 06b-0 8  
1.9o665»-o8 
1 . 5 7 9 7 4 » - 0 8  
1.30830b-08 
1 .081 i8 b - o 8 
8.87146b-09 
7 . 1 3 8 9 3 » - 0 9  
5 . 4 7 0 3 2 » - 0 9

T a b le (A 1 .2 )  
n it r o g e n  atoms



<pzpylpypz> <pzpzlpzpz>

7.90007„-07  
6.57163®-07 
5.46522»-07  
4.54396»-07  
3.77711»-07  
3.13892»-07  
2 .6 o798»-07 
2 . i 6635»-07 
1.79912b-07  
1.49381b-07  
1 , 2 4 o o 6 » - 0 7  
1.02919»-07 
8.54015»-08 
7.08515»-08 
5.87697»-08  
4.87383»-08  
4.04115»«08 
3.3501l»-08  
2.77677» - o8 
2 . 3 0 1 0 6 b - 0 8  
1.90665»-08  
1.57974b-08  
1.30830b-08
1 .0 8 1 1 8 » - o 8  
8.87146b-09  
7.13893b-09  
5.47032b-09

8.49219»-07 
7.06l84B-07 
5.87101b-07 
4 .87980»-07 
4.05500»-07 
3 .36883»-07 
2.79815»-07 
2.32363»-07 
1.92918»-07 
1. 6 o i 3 4 » - 0 7  
1.32895»-07 
1.10267»-07 
9 . l 4 7 4 o » - o 8  
7.58694»-08 
6.29154»-08 
5.21630»«08 
4.32403»-o8 
3.58373»-08 
2 . 9 6 9 6 8 » - 0 8  
2.46041b -0 8  
2.03874b-08  
1. 6 8 8 0 7 » - 0 8  
1.39789»-o8 
1.15737»-08 
9.58154»-09 
7.93589b-09  
6.58737b-09

c o n t .
w ith  the p o t e n t ia l  due t o  the form er



4 . 5 0 0  8 . 0 3 6 5 5 » - 0 3
4.625 6.72069*1-03
4.750 5.6l494M+02
4.875 4.68682id-03
5.000 3.90867jo-03
5.125 3.25700b-03
5.250 2.711 84*5-03
5.375 2.2562510-03
5.500 1.87584m-03
5.625 1 .55842*5-03
5.750 1.29380 b-03
5.875 1.07346jo-03
6 .0 0 0  8 . 9 0 1 2 0 *5 -0 4
6 .1 2 5  7 .37647 ,0 -04
6.250 6.10937b-04
6.375 5.05717»-04
6.500 4.18402,0-04
6 .6 2 5  3 . 45985 io-0 4
6 .7 5 0  2 .85964 ,0 -04
6.875 2.36243»-o4
7.000 1.95080,0-04
7.125 1.61018*5-04
7 .2 5 0  1 .32849,0 -04
7.375 1 .09563io-04
7 .500  9.03231x1-05
7 . 6 2 5  7 .4 4 3 3 6 » -0 5
7.750 6.13174*5-05
7.875 5.04943x1-05
8.000 4.15677xi-05
8.125 3.42077xi-05
8.250 2.8l 421 jb-05
8.375 2.31448*5-05
8.500 1.90293x1-05

R. <py1sI1spy>

7 . 6 7 6 7 0 *5-0 3 
6 .4 3 5 8 9 io- 0 3  
5.38960x5-03 
4 . 5 0 8 6 2*5-03 
3 . 7 6 7 8 4 *5-03 
3 . i 4575 id- 0 3  
2 . 6 2 3 9 6 *5-03 
2 . 18 6 8 2 *5-0 3 
1 . 8209910-03
1 . 5 1 5 1 6 * 5 - 0 3  

1 .25973id-03 
1 .04660*5-03 
8.68932x1-04 
7.20943*1-04 
5.97779id-o 4 
4.95352*5-04 
4.10237 id-04 
3.39556*5-04 
2 . 8 0 90 2*5-04 
2.32259 id-o 4 
1.91944*5-04 
1.58551*1-04 
1.30907x5-04 
1.08035x1-04 
8.912l4*,-05
7.34885*1-05
6.05741*1-05
4.99098x5-05
4 . 1 1 0 8 1 *5 -0 5
3.38464*5-05
2 . 7 8 5 8 1 *5-0 5
2.29215x1-05
1.88538*3-05

<py2sI2spy>

Hybrid in te g ra ls  between carbon and



7 .3 ^ 62 8b-0 3  
6 . 0 8 2 6 8 *1 -0 3  
5 . 1 0 6 0 1 *1 - 0 3  
4 . 3 0 2 9 2 *1 -0 3  
3.6l735*>-03 
3 .0 2 6 6 1  » - 0 3
2 .5 2 3 1 6 *1-0 3
2 . 1 0 1 9 9 x>-03 
1.75376w-03
1 . 4 6 0 6 2 *1 -0 3
1 .21506m-03 
1 . 0 1 0 2 ^10-03
8.39358*1-04 
6.9690610-04 
5.7825610-04 
4 .7 9 5 0 7 » -0 4  
3 .97386 io-0 4  
3.291 39b-0 4  
2 .7 2 4 6 3 m-0 4  
2 .2 5 4 2 6 id- o4 
1 .8 6 4 1 5b- 04 
1.54 07 9b-0 4  
1 ,27292 io -04  
1.0511 4 b - 0 4  
8.67621r-05 
7 .1 5 8 3 7 io -0 5  
5 .9 03 69 io-0 5  4.8669810-05 
4.01082x1-05
3.30404x1-05
2.72085b-05 
2 . 2 3 9 8 2 x1-0 5  
1 .84324x,-05
T a b le (A 1 .3 ) 

nitrogen atoms

<pypxlpxpy>

7 . 6 9 ^9 7 *1-0 3
6.44677*1-03
5.39523*>-03
4.51062x1-03
3.76741x1-03
3.14376x1-03
2 . 6 2 1 0 4 x , - 0 3

2.18340x1-03
1 . 8 1 7 3 8 x1-03 
1.51157*1-03 
1 . 2 5 6 3 0 x1-0 3 
1 .04341x1-03 
8 . 660 0 8x1-04
7.18310x1-04 
5.95439*1-04 
4.93293*1-04 
4.08440M-04 
3.37998*1-04 
2.79559*1-04 
2.31107*1-04 
1.90962x1-04 
1.57716x1-04 
1.30201x1-04 
1.07439*1-04 
8 . 8 6 2 0 1x1-0 5 
7.30678*1-05 
6 . 0 2 2 2 0 x1-0 5 
4 . 9 6 1 5 8 x , - 0 5  

4 . 0 8 6 3 0 x i - 0 5  

3.36425*1-05
2 . 7 6 8 8 7 *1-0 5
2.27811u-05
1.87375*1-05

<pypyipypy>

7.98886x1-03
6.69706x1-03
5.60759*1-03
4.69018x1-03
3 .9 1 8 7 6 x,-0 3
3.27097*1-03
2 .72769*1-032.27260x,-03
1.89182x1-03 
1 .5 7 3 5 6 x,-0 3  
1.307821,-03 
1.08616x1-03 
9 .o i4 3 ix i -0 4  
7 .4 7 6 1 3 *}-o4 
6 .1 9 6 4 1 x, - o4 
5 .1 3 2 5 6 xi- 04 
4 .24886x1-04 
3 .51531*1-04 
2 .90683*1-04 
2 .4 0 2 42 x ,-0 4  
1.98455*1-04 
1.63857*1-04 
1 .35228xi-04  
1.11552*1-04
9.19819*1-05
7.58138x1-05
6 .2 4 6 3 3 x,-0 5  
5.14439*1-05 
4 .2 3 5 3 2 xi-0 5  
3 .48565*1-05 
2 .8 6 7 7 1 *»-05 
2.35853*1-05 
1.93915*1-05

<pypzlpzpy>

with the potential due to the latter.



R <py1 s l l  spy> <py2sI2spy>

8 .6 2 5
8 .7 50
8 .8 7 5  
9.000
9 .1 2 5
9 .250
9 .3 7 5  
9 .500
9 .6 2 5
9 .750
9 .8 7 5  

10 .000
1 0 . 1 2 5
1 0 .2 5 0
1 0 .37 5
1 0 .5 0 0
1 0 .62 5
1 0 . 7 5 0
1 0 .87 5
1 1 . 0 0 0
1 1 . 1 2 5
1 1 . 2 5 0
1 1 .3 7 5
1 1 . 5 0 0
1 1 . 6 2 5
11 .750
1 1 .8 7 5
12.000
1 2 .1 2 5
12.250
1 2 .3 7 5  
1 2 . 5 0 0
1 2 .6 2 5

l.5 6 4 io w-05 
1 .28525»-05 
1 .05582»-05
8 . 6 7 1 2 6 w- o 6
7 . 1 1 9 6 9 » - o 6  

5.84436»-06 
4.796 3 0 j d - o 6  

3.93530)0-06 
3 . 2 2 8 1 2 b , - 0 6  
2.64747w-o6 
2 . 170 78 10 -0 6
1 .77957»-06
1 . 458 5610 -0 6 
1 .19524)0-06 
9 .79260)0-07
8 . 0 2 16 3 10 -0 7  
6 . 5 6 9 72 10 -0 7 
5.37973)0-07 
4 .40448)0-07  
3 . 6 0 5 4 3 m - 0 7  

2.9508210-07 
2.4l467io-07 
1 .97559)0-07 
1 . 6 1 6 0 8 )0 -0 7  
1 . 3 2 16 8 10 -0 7 
1 . 0 80 8210-0 7 
8.84123)0-08 
7 . 2 3 3 8 3 i o - 0 8  

5.91556)0-08 
4.83479»-°8 
3- 95152*>-08 
3-22986)0-08 
2.63949»-°8

1.55031  » - 0 5
1.27441)0-05 
1 .0 4 7 3 ° » - °  5 
8 .6 0 4 3 6 w-0 6  
7.06725)0-06 
5 .80307 )0 -06  
4 .7 6 3 0 4 B-0 6  
3 .9 08 23 m-0 6  
3 .2 07 °2 )d-0 6  
2 .6 3 1 7 5 » - ° 6
2 .1  5871 » - 0 6
1 .7 6 9 8 8 » - ° 6  
1 .4 5 0 8 9 » - ° 6  
1 .1 8 9 2 7 » - ° 6  
9 .7 4 5 7 8 M-0 7  
7 .9 8 4 7 7 » - ° 7  
6 .5 4 0 7 7 » - ° 7  
5 .3 5 7 0 1 » - ° 7  
4 .3 8 6 65 )0 -0 7  
3 .59143*3-07 
2 .9 3 9 8 3 » - ° 7
2.40604)0-07 
1.9688210-07 
1.6107630-07 
l . 3 l 7 5 ° » - ° 7  
1.07754)0-07 
8 . 8 l 544B-0 8  
7 . 213 5 3 » -°8  
5.89962)0-08 
4 . 82229)0-08  
3.94171 » -0 8  
3.22216)0-08 
2 . 63344M-0 8

Hybrid In tegra ls  between carbon and



1 .5163810-05 
1 .24710io-05 
1.02533»-05 
8.42758 io-06 
6 .92496io- 0 6  
5.68875io-o 6 
4.67196 io-o 6 
3.83596io-o 6 
3.1 4876io- o6 
2.58407 m -o 6 
2.120l4io-06 
1 .73912io-06
1.4262610-06 
1 . i 6944jo-06 
9.58654io-07  
7.85705io-07
6.4382910-075.27478m-07  
4.3206730-07 
3.53851 jo-07 
2.89739io-07 2.3720110-07

1.94153io-07 1.5888830-07 
1.2999630-07 
1.0634930-07  
8.70283io-08 
7.12322io-08 
5.82723b- o8 
4.76429io-08 
3.89524jo-08 
3.18492 id-082.60361 jo-08

<pypxlpxpy>

1.5^06910-051.2664730-05 
1.0407610-05 
8.55042 io-o 6 
7.0227530-O6 
5.7665830-06 
4 .7339O30-O6 
3.88524io-06 
3 . i8795 b -06 
2.61 52310-06 
2 .1 4 491 io- 0 6  
1 .75882io-06 
1.44191 jo-06
1 .l8 l8 8 io -0 6
9 .6 8 5 39 io -0 7
7 .93562.0- 07
6.5007110-07
5 .3 2 4 3 5 .0 - 07 
4 .36004*3-07
3 .5 6 9 7 7 .0 - 07
2.92220io-07
2.3917110-07 
1 .95717 ,0 -07  
1.6012930-07 
1.3098110-07 
1 .0 7 1 30 io -0 7  
8.7 6 4 7 9B- 0 8  
7 . l7 2 4 0 w-0 8  
5.8662530-O8 
4.79524 jo-08 
3 .9 1 979io-08 
3.20439 b -08 
2 .6 l9 0 5 » - 0 8

<pypyipypy>

l .5 9 3 8 5 » -0 5  
1.3096630-05 
1.07583io-05 
8.83508io-06 
7.25369io-06
5.95387.0- 06
4.88572.0- 06 
4.00827io-06 
3.2876lK-06
2.69594.0- 06
2.21 025io-06
1 .81169 io-06
1 .48468.0- 06
1.21647.0- 06
9.96505.0- 07 
8 .l6 l6 5 io -0 7
6.68335.0- 07 
5.471 90,0-07 
4.47921»-07 
3.66600B_07 
2.99989m-07 2.45441»-07 
2.00776^-07
?.642?0k_07 
1.34272»-07
1.09784.0- 07  
8.9788lx)-08
7.34499.0- 08
6.00538.0- 08 
4.90735x.-08 
4.01012b-08 
3.27717»-08 
2.67767b-08

<pypzlpzpy>

I

I

T a b le (A 1 .3 ) c o n t .
n itr o g e n  atoms w ith  the p o t e n t ia l  due to  the l a t t e r .

2
6

9



R <pylsI1spy> <pypxlpxpy><py2sI2spy>

12.750 2.15673»-08
12.875 I.762081D-O8
1 3 .0 0 0  1 .43951*5-08
1 3 .1 2 5  1 .1 7 5 8 7 » -0 8
1 3 .2 5 0  9 .6 o44 üjo-0 9
1 3 .3 7 5  7 .8 4 3 9 6 )0 -0 9
1 3 .5 0 0  6 .4056610-09
1 3 .6 2 5  5 .2 3 0 5 8 ,0 -0 9
1 3 .7 5 0  4 .2 7 0 7 3 )0 -0 9
1 3 .8 7 5  3 .4 8 6 6 9 io-0 9
1 4 .0 0 0  2 .8 4 6 3 9 » -0 9
1 4 .1 2 5  2 .3234610-09
1 4 .2 5 0  1 .896 4 8 )0 -0 9
1 4 .3 7 5  1 .5 4 7 8 3 b -0 9
1 4 .5 0 0  1 .26319*5-09
1 4 .6 2 5  1 .0 3 0 8 1 m- 0 9
1 4 .7 5 0  8 .4 1 1 3 6 )0 -1 0
1 4 .8 7 5  6 .8 6 3 0 6 » -1 0
1 5 .0 0 0  5 .5 9 9 4 4 ,0 -1 0
1 5 .1 2 5  4 .5 6 8 1 4 ,0 -1 0
1 5 .2 5 0  3 .7 2 6 5 9 » -1 0
1 5 .3 7 5  3 .0 3 9 9 1 » - 1 O
1 5 .5 0 0  2 .47955*5-10
1 5 .6 2 5  2 .02224x5-10
1 5 .7 5 0  1 .6 4 9 4 3 » -1 0
1 5 .8 7 5  1 .3 4 7 0 6 b -1 0
1 6 .0 0 0  1 .1 0 5 7 7 » -1 0

2.15199*5-08 
1 .75837»-08
1.43661»-08 
1 .1736O B-08 
9.58657»-09 
7.82997m- 09 
6.39469B-09 
5.22197»-09 
4.26398B-09 
3.48139»-09 
2.84223X,-09 
2.32020x,-09 
1 .89392x)-09 
1 .54582x)-09
1.26162.0- 09 
1 .02958»-09 
8.40166x5-10 
6.85545x>-10 
5.59348x,-10 
4.56347x,-10
3.72292,5-10
3.03703.0- 10 
2.47730k>-10 
2.02050x5-10 
1 .64804*5-10 
1 .34576*5-10 
1 .10404x5-10

2.12809x>-08
1 .73923x>-08 
1 .42128*5-08 
1.16132*5-08 
9.48821*5-09
7.751 19k,-09 
6.33160*5-09
5 .17 145*>-09 
4 . 2 2 3 5 2 *5-09 
3.44900*5-09
2 . 8 1 6 2 9 *5-09
2.29943*5-09 
1 . 8 7 7 2 9 *5-09 
1 . 5 3 2 5 0 *5-09 
1 . 2 5 0 9 5 *5-09 
1 . 0 2 1 0 3 *5-09
8.33322*5-10
6.80067*5-10
5.54967*5-10
4.52842,0-10 
3.69488*,-10 
3.01458*5-10 
2.45930*5-10 
2.00607*5-10 
1.63651*5-10 
1 .33656x,-10
1.09665*5-10

T a b le ( A 1 .3)
H y b rid  i n t e g r a l s  b e tw e e n  ca rb o n  and n i t r o g e n  atom ;



2.i4o33*>-o8 
1.74893»-08 
1.4289610-08 
1 . l 6741d- o8 
9.53652k>-09 
7.78949b-09  
6.36194»-09 
5.19549»-09 
4.24257b-09  
3.46409»-09  
2.82825*5-09 
2.30890»-09  
1.88479»-09 
1.53845b-09 
1 .25567b-09 
1.02478»-09 
8.36288,0-10 
6.82414B-10 
5.56822*5-10 
4.54309,0-10 
3.70648*5-10 
3.02377»-10  
2.46660*5-10 
2.01186*5-10
1 ,64108»-10 
1.34015»-10 
1.09954*5-10

<pypyipypy>

2 .1 8755»-08 
1.78696*5-08 
1 .45959*5-08
1.19207*5-08 
9.73499»-09 
7.94923b-09  
6.49052*5-09 
5.29897®-09 
4 .3 2 5 84 ,5 -0 9  
3.53109»-09  
2.88215»-09 
2.35226*5-09
1.91967*5-09 
1.56650w-09
1.27823*5-09
1.04292*5-09 
8.50878*5-10 
6.94141*5-10 
5.66244b-10 
4.61884*5-10 
3.76744b-10 
3.07282*5-10 
2.50599*)-10 
2.04343b-10  
1.66653»-10 
1 .36154,5-10 
1 .1 1 9 9 0 D-1 0

<pypzlpzpy>

1

1

c o n t .
w it h  th e  p o t e n t i a l  due t o  th e  l a t t e r

270



R <pz1s!1spz> <pz2sI2spz>

4 .5 0 0  4 .3 5 4 7 4 » -0 2
4 .6 2 5  3 .7 8 6 0 2 » -0 2
4 .7 5 0  3 .2 8 3 7 8 B-0 2
4 .8 7 5  2 .8 4 l8 o » - 0 2
5 .0 0 0  2 .4 5 4 1 3 w-0 2
5 .1 2 5  2 .1 1 513 » -0 2
5 .2 5 0  1 . 8 1 9 5 4 » -0 2
5 .3 7 5  1 .5 6 2 4 8 » -0 2
5 .5 0 0  1 .33947*>-02
5 .6 2 5  1 . 1 4 6 4 6 »-0 2
5 .7 5 0  9 .7 9 7 6 3 » -0 3
5 .8 7 5  8 . 3 6 0 9 6 » -0 3
6 .0 0 0  7 . 1 2 5 1 1 1 0 -0 3
6 . 1 2 5  6 . 0 6 3 95» -0 3
6 .2 5 0  5 .1 5 4 3 4 » -0 3
6 .3 7 5  4 .3 7 5 9 2 » -0 3
6 .5 0 0  3 .7 lo 8 o » -0 3
6 .6 2 5  3 . 1 4 3 3 2 b- 0 3
6 .7 5 0  2 . 6 5 9 8 1 » - 0 3
6 .8 7 5  2 . 2 4 8 4 0 » -0 3
7 .0 0 0  1 .8 9 8 7 9 » -0 3
7 .1 2 5  l .6 0 2 0 5 » -0 3
7 .2 5 0  1 .3 5 0 4 8 » - 0 3
7 .3 7 5  1 .1 3 7 4 3 » -0 3
7 .5 0 0  9 .5 7 1 9 8 » -0 4
7 .6 2 5  8 .0 4 8 8 4 » -0 4
7 .7 5 0  6 .7 6 2 9 0 » -0 4
7 .8 7 5  5 . 6 7 8 2 0 » -0 4
8 .0 0 0  4 .7 6 4 0 7 » -0 4
8 .1 2 5  3 .9 9 4 3 5 » -0 4
8 .2 5 0  3 .3 4 6 7 8 » -0 4
8 .3 7 5  2 .8 0 2 3 9 » -o4
8 .5 0 0  2 .3 4 5 1 0 » -0 4

4 .0 8 8 4 6 » -0 2
3 .5 6 8 o6 » -0 2
3 .1 0 5 6 4 » -0 2
2 .6 9 6 4 3 » -0 2
2 .3 3 5 6 8 » -0 2
2 . o i 8 7 5 »-0 2
1 .7 4 1 2 2 »-0 2
1 .4 9 8 9 0 » -0 2
1 .2 8 7 9 2 » -0 2
1 .1 0 4 7 0 » -0 2
9 .4 5 9 8 o» -0 3
8 .0 8 7 8 6 » -0 3
6 .9 0 4 5 2 » -0 3
5 .8 8 5 9 3 » -0 3
5 .0 1 0 7 9 »«0 3
4 .2 6 0 2 6 » -0 3
3 .6 l7 6 7 » -0 3
3 . o68 37»-03
2 .5 9 9 5 3 » -0 3
2 .1 9 9 9 7 » -0 3
1 .8 5 9 9 1 »-0 3
1 .5 7 0 8 5 » -0 3
1 .3 2 5 4 4 » -0 3
1 .1 1 7 3 5 »-0 3
9 .4 1 106»-04
7 .9 1 9 9 3 » -0 4
6 .6 5 9 6 8 » -0 4
5 «5 9 5 5 8 »-0 4
4 .6 9 7 9 8 » -o 4
3 .9 4 1 5 1 »-0 4
3 .3 0 4 5 4 » -0 4
2 .7 6 8 6 4 » -o4
2 .3 1 8 i 4 » -0 4

Hybrid in t e g r a ls  betw een carbon and



<pzpxlpxpz> <pzpylpypz> <pzpzlpzpz>

3.89101 » -0 2
3 .3 9 8 T 2 »-0 2
2 .9 6 o8 9 »-0 2
2 .5 7 3 o6 » -0 2  
2 .2 3 0 8 0 » -0 2  
1 .9 2 9 8 2 » -0 2  
1 .6 6 5 9 9 » -0 2  
1 .4 3 5 4 1 »-0 2  
1 .2 3 4 4 5 »-0 2  
1 .0 5 9 7 6 »-0 2
9 . 0 8 2 6 1 » -0 3
7 .7 7 1 9 1 » -0 3  
6 .6 4 0 3 3 » -0 3  
5 .6 6 5 3 5 » -0 3  
4 .8 2 6 9 0 » -0 3  
4.107i 6d-03 
3 .4 9 0 3 8 » -0 3  
2 .9 6 2 6 8 » -0 3  
2 .5 1 189»«03 
2.12736b-03 
1 .7 9 9 8 1 »-0 3  
1 . 5 2 1 i 6»-03 
1 .28441 b-0 3  
1 .0 8 3 5 0 »-0 3  
9 .1 3200d-04 
7 .6 9 0 0 9 » -0 4  
6.47052b- 04 
5.44004d-04 
4 .5 70 17 » -0 4  
3 .8 3 6 5 6 » -0 4  
3 .2 1 842n-0 4  
2 . 69802b-0 4  
2.26027b-04

3 .8 9 1 0 1 » -0 2
3 .3 9 8 7 2 » -0 2
2 .9 6 o8 9 » -0 2
2 .5 7 3 0 6 » -0 2
2.23080b -02 
1.92982b-02 
1 .6 6 5 9 9 »-0 2  
1 .4 3 5 4 1 »-0 2  
1 .2 3 4 4 5 » -0 2  
1 .0 5 9 7 6 » -0 2  
9 .0 8 2 6 1 » -0 3  
7 .7 7 1 9 1 » -0 3  
6 .6 4 0 3 3 »-0 3  
5 .6 6 5 3 5 »-0 3  
4 .8 2 6 9 0 b-0 3  
4 .1 0 7 1 6 » -0 3  
3 .4 9 0 3 8 » -0 3  
2 .9 6 2 6 8 » -0 3  
2 . 5 1 l8 9 » -0 3  
2 .1 2 7 3 6 b-0 3  
1 .79981 » -0 3  
1 .5 2 1 l6 » -0 3  
1 .2 8 4 4 1 »-0 3  
1 .0 8 3 5 0 »-0 3  
9 .l3 2 0 0 » -0 4  
7 .6 9 0 0 9 »-0 4  
6 .4 7 0 5 2 »-0 4  
5 .4 4 oo4 » - o4 
4 .5 7 0 1 7 » -0 4  
3 . 8 3 6 5 6 » -0 4  
3 .2 i8 4 2 » -o 4  
2 . 6 9 8 0 2» -0 4  
2 . 2 6 0 2 7 » -0 4

4 .4 8 3 3 7 » -0 2  
3 .9 0 6 7 0 » -0 2  
3 .3 9 5 1 3 » -0 2
2 . 9 4 3 1 9 » -0 2  
2 .5 4 5 4 4 » -0 2  
2 . 1 9 6 6 1 b -0 2  
1 .89 16 7 m-0 2  
1 . 6 2 5 8 8 » -0 2  
1 .3 9 4 8 7 » -0 2  
1 .19461 » -0 2  
1 .0 2 1 4 2 »-0 2  
8 .7 1 97 4»-03  
7 .4 3 2 8 8 » -0 3  
6 .3 2 7 0 6 »-0 3  
5 .3 7 8 5 6 »-0 3  
4 .5 6 6 4 4 »-0 3  
3 . 8 7 2 2 3 » -0 3
3 .2 7 9 7 6 » -0 3  
2 .7 7 4 8 7 » -0 3  
2 .3 4 5 2 2 » -0 3  
1 .9 8 0 0 9 »-0 3  1.67020»-03 
1 .4 0 7 5 0 »-0 3  1.185o6»-03 
9 .9 6 9 2 0 » -o4 
8 .3 7 9 6 4 ,-0 4  
7 . 0 3 8 0 1 » -0 4  
5 .9 0 6 7 0 » -0 4  
4 .9 5 3 6 2 » -o4 
4 .1 5 l4 l » -0 4  
3 .4 7 6 7 7 » -0 4  
2 .9 0 9 8 6 » - o4 
2 .4 3 3 8 7 » -o4

T a b le (A 1 . 3 )  
n i t r o g e n  a t >msnw ith  th e  p o t e n t ia l  due t o  the la t t e r .



R < pzls!1spz> <pz2sI2spz> <pzpxlpxpz>

8 .6 2 5  1 . 9 6 1 2 5 . - 0 4
8 .7 5 0  1 .6 3 9 2 8 .-0 4
8 .8 7 5  1 .3 6 9 4 0 .-0 4
9 .0 0 0  1 .1 4 3 3 3 .-0 4
9 .1 2 5  9 .5 4 0 7 9 .-0 5
9 .2 5 0  7 .9 5 7 5 0 B-0 5
9 .3 7 5  6 . 6 3 3 6 7 *3-0 5
9 .5 0 0  5 .5 2 7 4 6 D-0 5
9 .6 2 5  4 .6 o3 5 6 „ -0 5
9 .7 5 0  3 .83238* ,-05
9 .8 7 5  3.18899*3-05

1 0 .0 0 0  2 . 6 5 2 5 0 * ,-0 5
1 0 . 1 2 5  2.20535*3-05
1 0 .2 5 0  1 . 8 3 2 8 6 ,0 -0 5
10 .375  1 . 5 2 2 6 9 *3-05
10 .500  1.26455*3-05
1 0 .6 2 5  1.04978*3-05
10 .75 0  8.71184«>-o6
10 .87 5  7 . 2 2 7 2 2 *3-06
11 .000  5 .9 93 66* ,-06
1 1 . 1 2 5  4 . 9 6 9 0 3 *3-06
11 .250  4 .n 8 3 2 * ,-o 6
1 1 .3 7 5  3 .4 i2 2 2 * ,-o 6
1 1 . 5 0 0  2 .8 2 6 4 o* )-o6
1 1 .62 5  2 .3 4 0 5 8 « ,-0 6
11 .75 0  1.93765*3-06
11 .875  1.60319*3-06
1 2 .0 0 0  l .3 2 5 8 4 * ,-o 6
1 2 . 1 2 5  1 . 0 9 6 4 4 *3-0 6
1 2 .2 5 0  9 . 0 6 7 5 6 *3 -0 7
1 2 .3 7 5  7 .4 9 6 2 9 » -0 7
1 2 .50 0  6.19514*3-07
1 2 .6 2 5  5 . 1 1 8 8 1 . - 0 7

1 .9 3 9 7 2 .-0 4  
1 .62210*3-04 
1 .3 5 5 6 9 .-0 4
1 .1 3 2 3 9 .-0 4
9 .45354*,-05
7.88795*3-05
6 . 5 7 8 2 5 *3-05
5 .48329*,-05
4.56838*3-05
3 . 8 0 4 3 6 *3-05
3 .1 6 6 6 8 .-0 5
2 . 6 3 4 7 4 .- 0 5  
2 . 1 9 1 2 2 . - 0 5  
1 . 8 2 1 6 1 . - 0 5  
1 .51375*3-05 
1 .2 5 7 4 4 .-0 5  
1 .0 4 4 1 3 .-0 5  
8 . 6 6 6 8 9 .- 0 6
7 .1 9 1 4 9 .-0 6  
5 .9 6 5 2 6 .-0 6  
4 .9 4 6 4 7 .-0 6  
4 .1 0 0 4 0 .-0 6  
3 .3 9 7 9 9 .-0 6  
2 .8 1 5 1 0 .-0 6  
2 .3 3 1 6 1 .-0 6  
1 .9 3 0 5 3 .-0 6  
1 .5 9 7 5 4 .-0 6  
1 -3 2 1 3 5 .-0 6
1 . 0 9 2 8 8 .- 0 6
9 .0 3 9 2 7 .-0 7
7 -4 7 3 8 4 .-0 7
8 .1 7 7 3 4 .-0 7
5 .1 0 4 7 0 .-0 7

Hybrid In teg ra ls  between carbon and

1 .8 9 2 3 3 .-0 4
1 .5 8 3 3 1 .-0 4
1 .3 2 3 9 6 .-0 4
1 .1 0 6 4 5 .-0 4
9 .2 4 1 5 7 .-0 5
7 .7 1 4 8 1 .-0 5
6 .4 3 6 8 9 .-0 5
5 .3 6 7 9 5 .-0 5
4 .4 7 4 3 1 .-0 5
3 .7 2 7 6 8 .-0 5
3 .1 0 4 1 9 .-0 5
2 .5 8 3 8 4 .-0 5
2 .1 4 9 7 7 .-0 5
1 .7 8 7 8 8 .-0 5
1 .4 8 6 3 0 .-0 5
1 .2 3 5 1 1 .-0 5
1 .0 2 5 9 7 .-0 5
8 .5 1 9 3 1 .-0 6
7 .0 7 1 5 7 .-0 6
5 .8 6 7 8 5 .-0 6
4 .8 6 7 3 7 .-0 6
4 .0 3 6 1 8 .-0 6
3 .3 4 5 8 6 .-0 6
2 . 7 7 2 8 0 . - 0 6
2 .2 9 7 2 9 .-0 6
1 . 9 0 2 7 0 .- 0 6  
1 .5 7 4 9 7 .-0 6  
1 . 3 0 3 0 6 .- 0 6  
1 . 0 7 8 0 6 .- 0 6  
8 . 91916.-07  
7 .3 7 6 5 4 .-0 7  
6 .0 9 8 5 3 .-0 7  
5 .0 4 0 8 8 .-0 7

T a b le (A 1 . 3 ) 
n it r o g e n  atoms



<pzpylpypz> <pzpzlpzpz>

1 .89233b-04 
1 .5 8 3 3 1 »-04 
1 .3 23 96 » -0 4  
1 .10645b- o4 
9 .2 4 1 57b-05 
7 .7 1 4 8 1 b-05 
6 .4 3 6 8 9 » -0 5  
5 .3 6 7 9 5 » -0 5  
4 .4 7 4 3 1 jd- 05 
3.72768b-05 
3 .l0 4 l9 » - 0 5  
2 .5 8 3 8 4 » -0 5  
2.14977b-05 
1 .7 8 7 8 8 „-0 5  
1 .48630b-05 
1 .2 3 5 1  U - 0 5  
1 .0 2 5 9 7 » -0 5  
8 .5 1 9 3 1 »-06 
7 .0 7 1 57» -0 6  
5.86785»-o6 
4.86737b-06 
4 .0 3 6 1 8» -o6 
3.34586b- o6 
2 .7728o„ - o6
2.29729b- o6 
1 .9O270»-o6 
1 .57497b- o6 
1 . 30 3o 6„ - o 6 
1 . 0 7 8 0 6 0 -0 6  
8 . 9 1 9 1 6 0 - 0 7  
7.37654b-07 
6.09853b-07 
5 . 0^0 8 8 0 -0 7

2 .0 3 4 5 0 » -0 4  
1 .6 9 9 6 8 b - o4 
1 .4 1 9 1 5 b - o4 
1 .1 8 4 2 8 o -0 4  
9 .8 7 7 5 5 b -0 5  
8 .2 3 4 2 4 d-0 5  
6 .8 6 o9 3 b -0 5  
5 .7 1 3 9 5 b -0 5  
4 .7 5 6 5 1 b -0 5  
3 .9 5 7 7 4 b-0 5  
3 .2 9 1 67 b -0 5
2 .7 3 6 5 5 0 -0 5  
2.27412»-05 
1 .88909d-05 
1.568650-05 
1.30209b-05 
1 .08043b-05 
8.96203b- o6 
7.43133b-06
6 . i 6009b -06
5.10469b-06
4.22885b-06
3.50224d-06
2.8997O 0-06
2.40024b-06
1.98619b-06
1 ,6 4 2 6 6 o -0 6  
1 .3 5 7 9 3 b- o6 
1 .1 2 2 5 2 » - o6 
9.2795OD-07 
7 .6 6 8 4 6 b -0 7  
6 .3 3 4 9 7 b -0 7  
5 .2 3 2 3 4 b -0 7

i

i

c o n t .
w ith  the p o t e n t ia l  due t o  the l a t t e r
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R <pz1s!1spz> <pz2sI2spz>

1 2 .7 5 0  4 .2 2 8 6 1  b -0 7  4 .2 1 7 4 2 kj- 0 7
1 2 .8 7 5  3 .4 9 2 3 7 » -0 7  3 .4 8 3 5 0 b-0 7
1 3 .0 0 0  2 .8 8 3 6 9 io- 0 7  2 .8 7 6 6 6 b -0 7
1 3 .1 2 5  2 .3 8 0  5610-O 7 2 .3 7 4 9 9 io-0 7
1 3 .2 5 0  1 .9648110-07 1.9604010-07
1 3 .37 5  1 . 6 2 13 2 10 -0 7  1 . 6 178 3 10 -0 7
1 3 .5 0 0  1 . 3376230 -0 7  1 .33 48 6 io-0 7
1 3 . 6 2 5  i . 1 0 3 3 4 iq- 0 7  1 . 10 116 10 -0 7
13 .750  9 .09933io-08  9 .0 8 1 9810-O 8
1 3 .8 7 5  7.5O28OJ0-O8 7 .4890  5io-0 8
1 4 .0 0 0  6 . 1 8527 io-08  6 .1 7 4 3 9 id-0 8
14 .12 5  5.0981 6 b-0 8  5 .08955 io-0 8
14 .250  4 .201 42m-0 8  4 .1 9 4 6 0 io- o8
14 .37 5  3.461 79io-0 8  3 .4 56 39 w-0 8
1 4 .5 0 0  2 .8 5 1 9 2 » -0 8  2 .8 4 7 6 4 io- o 8
1 4 .6 2 5  2 .3 4 9 0 9 m- 0 8  2 .3 4 5 7 1 » -0 8
14 .750  1 .9 3 4 6 2 b-0 8  l .9 3 1 9 5 » -0 8
1 4 .8 7 5  1 .5 9 3 0 2 b - 0 8  1 .5 9 0 9 0 jo- o 8
1 5 .0 0 0  1 .311 54 b - 0 8  1.3098630-08
1 5 .1 2 5  1 .0 7 9 6 3 » -0 8  1 . 0783030-08
1 5 .2 5 0  8 . 8860930-09 8 . 8 7 5 6 O30-09
1 5 .3 7 5  7 .3 1 2 8 4 id- 0 9  7 .3 0 4 5 7 io- 0 9
1 5 .5 0 0  6 . o i 7 i 4 B- 0 9  6 . 0 1 0 5 7 b - 0 9
1 5 .6 2 5  4 .9 5 0 1  3 io- 0 9  4 .9 4 4 8 5 io- 0 9
15 .75 0  4 . 0 7 2 2 4 ^ - 0 9  4 . 0 6 8 1 3io-09
1 5 .8 7 5  3 .3 5 2 7 4 b- 0 9  3 .3 5 0 2 8 x)-0 9
1 6 .0 0 0  2 .7698930 -09  2 .7 7 0 6 4 x,-0 9

H ybrid  in t e g r a l s  betw een carbon  and



4 . 1 6 5 7 5 x3-0 7 
3 . 44l 6 7 ,0 -0 7  
2 .8 4 2 8 0 jo-0 7  
2 .3 4 7 6 0 ^ -0 7
1 .93824M-07 
1 .5999130-07
1.32036.0- 07 
1.0894330-07 
8.9871530-08 
7.4123730-08 
6 .112 4 lB-08
5.03946.0- 08
4 . 15412.0- 08 
3.42368»-08
2.82121b-08
2.3243530-08
1.91470.0- 08 
1.5769730-08
1 . 2 9 8 6 1 w- 0 8
1 . o6922m- o8 
8 .80222m-0 9  
7.2453130-09
5.96274.0- 09 
4.9062730-09 
4.0369730-09
3 .3 2 4 8 oM-0 9
2 .7 4 8 9 5 » -0 9

<pzpxlpxpz>

4.16575*3-07  
3 .4 4 1 67b-0 7
2 .8 4 2 8 0 .0 - 07 
2 .3 4 7 6 0 ^ -0 7  
1 ,9 3 8 2 4 m-0 7  
1 .5 9 9 9 1 30-07
1 . 32036 .0-  0 7
1 .0894330-07 
8.9871530-08 
7.4123730-O8 
6.11241m-08 
5 .03946 b- o8
4.1 54i 2,o- o8 
3 .42368b-0 8  
2 .8 2 1 2 1 b-0 8  
2 .3 2 4 3 5 b-0 8  
1.91 47 0b-0 8  
1.576-9730-08 
1.29861b-0 8
1 . 0 6 922 .0-  08 
8 . 80222B-09  
7.24531x1-09
5.96274.0- 09 
4.9O62730-O9 
4.03697x1-09 
3 .3 2 4 8 0 B-0 9  
2 .7489530-09

<pzpylpypz>

4.32076,0-07
3.5671530-07
2.94436x3-07
2.42978x3-07 
2.00473io- 07 
1.6536930-07 
1.36386x1-07 
1 .12461x3-07
9.27164x3-08 
7.64239x3-08 
6.29834x1-08 
5.18974xi-08 
4.27557x1-03 
3.52183x3-08 
2.90051x3-08 
2.38841x3-08 
1 .96644x3-08 
1.61876x3-08 
1 .33237x>-08 
1.09648x1-08 
9.02235x3-09
7.42302x1-09
6.10623x3-09
5.02216x3-09
4.13047x3-09
3.39973x3-09
2.80761x1-09

<pzpzlpzpz>

T at>le(A 1.3) c o n t .

1
ro~oV>J

n itr o g e n  atoms w ith  the p o t e n t ia l  due to  the l a t t e r .



4 .5 0 0  5 .3 3 9 8 T »-0 3  5 . 0 9 0 6 5 » -0 3
4.625 4.38426M-03 4.18771»-03
4.750 3.595881D-0 3 3.44092B-03
4.875 2.94632®-03 2.82418»-03
5.000 2.4117610-03 . 2.31552»-03
5.125 1 .97237b-03 1.8965610-03
5.250 1 .6ll59io-03 .1.55189M-03
5.375 1.31 570io- 03 1.26870xi-03
5.500 1.07326^-03 1.0362510-03
5.625 8.74806,0-04 8.45680x,-04
5.750 7.12515»-04 6.89593»-04
5.875 5.79922x1-04 5.61879)0-04
6.000 4.7i657xi-04 4.57466x1-04
6.12 5 3.83350x1-04 3.72188x»-04
6.250 3.11373)0-04 3.02595b-04
6.375 2.52751 b- 04 2.45850x1-04
6.500 2.05043d- 04 1.99617x1-04
6.625 1.66240x1-04 1.61975)0-04
6.750 1.34741x1-04 1.31371x1-04
6.875 1.09095x1-04 l.06460xi-04
7.000 8.83315x1-05 8.62473xi-05
7.125 7-14364x1-05 6.98l20xi-05
7.250 5.77699x1-05 5.64910x>-05
7.375 4.66905b- 05 4.56863x1-05
7.500 3.77192x1-05 3.69302x1-05
7.625 3.04578x1-05 2.98381b-05
7.750 2.45835)0-05 2.40967x1-05
7.875 1 .98335xi- 05 1.94514x>-05
8.000 1.59948b- 05 1.56946x1-05
8.125 1.28939x1-05 1.26582x1-05
8.250 1.03901x1-05 1.02050*1-05
8.375 8.36928x1-06 8.22394x1-06
8.500 6.73896x1-06 6.62484x,-06

R. <py1sI1spy> <py2sI2spy>

4.89461x1-03
4.02897x1-03
3.31254xi-03
2.72046x1-03
2.23182x1-03
1 . 8290 710 -0 3
1 .49754x»-03 
1 .22495xi-03 
1.00109x1-03 
8.17431x1-04 
6.66915x1-04 
5.43686x1-04 
4.42883x1-04 
3.60505x1-04 
2.93242x1-04 
2.38365)0-04 
1 .93632xi- 04 
1.57192x1-04 
1 .27549xi- 04 
1 .03409x,-04 
8.38119x1-05 
6.78695)0-05 
5.49421x1-05 
4.44517)0-05 
3.59465x1-05 
2.90547x1-05 
2.34730)0-05 
1 .89549xi-05 
1 .52998xj-05 
1.23441x1-05 
9.95523»-06 
8.02543x1-06 
6.46710x1-06

<pypxlpxpy>

Table(A1.4 )
Hybrid in tegra ls  between t



5 . i 4821*>-03
4 . 2 3 2 5 0 *5-03
3 . 4 7 5 7 3 * 5 - 0 3  

2 .8 5 1 2 1 m-0 3  
2.33648*5-03 
1 . 9 1 2 8 0 K - 0 3  

1 . 5 6 4 4 6 * 5 - 0 3

1.27841*5-03
1 . 0 4 3 7 6 *5-03
8 . 5 1 4 7 5 * 5 - 0 4  

6 .9 4 o6o*,-o4 
5 . 6 5 3 1 9 * 5 - 0 4  

4 . 6 0 1 1 2 *5-04
3 . 7 4 2 2 1 * 5 - 0 4  

3 . o 4 i  5 6 * 5 - 0 4  

2 . 4 7 0 4 6 * 5 - 0 4  

2 . 0 0 5 3 4 * 5 - 0 4

1 . 6 2 6 7 6 *5-04
1 . 3 1  9 0 7 * 5 - 0 4

1 . 0 6 8 6 9 * 5 - 0 4  

8.65593x5-05 
7 . 0 0 4 8 6 * , - 0 5

5 . 6 6 70 5*5-05
4 . 5 8 2 6 0 *5-05
3 . 6 9 7 3 5 * 5 - 0 5

2 . 9 9 2 3 2 * 5 - 0 5

2 . 4 1 5 3 2 * 5 - 0 5

1 . 9 4 9 5 9 * 5 - 0 5

1 . 5 7 2 7 9 * 5 - 0 5

1 . 2 6 8 3 1 * 5 - 0 5

1 . 0 2 2 3 5 * 5 - 0 5

8.23777*5-06
6 .6 3 5 1 0 b-0 6

<pypyipypy>

5 . 2 2 9 1 1 * 5 - 0 3

4 . 3 0 1 6 7 *5-03
3 . 5 3 4 5 1 * 5 - 0 3

2 . 9 0 0 8 7*5-03
2 . 3 7 8 2 6 » - 0 3  

1  . 9 4 7 8 0 * 5 - 0 3  

1  . 5 9 3 6 7 * 5 - 0 3  

1  . 3 0 2 7 1 * 5 - 0 3  

1  . 0 6 3 9 1 * 5 - 0 3  

8 . 6 8 1 3 6 * 5 - 0 4  

7 . 0 7 8 1 1 * 5 - 0 4  

5 . 7 6 6 6 4 * j - 0 4  

4 . 6 9 3 9 6 * 5 - 0 4  

3 . 8 1 8 3 8 * 5 - 0 4  

3 . 1 0 3 8 7 * 5 - 0 4  

2 . 5 2 1 3 7 * 5 - 0 4  

2 . 0 4 6 8 5 * > - 0 4  

1 . 6 6 0 5 8 * , - 0 4  

1  . 3 4 6 5 6 * 5 - 0 4

1 . 0 9 1 0 3 . 5 -  0 4

8 . 8 3 7 0 6 . 5 -  0 5  

7 . 1 5 1 7 9 * > - 0 5

5 . 7 8 6 0 2 . 5 -  0 5  

4 . 6 7 8 4 5 * 5 - 0 5

3 . 7 8 1 0 7 . 5 -  0 5  

3 . 0 5 4 3 5 ® - 0 5  

2 . 4 6 6 1 6 x - 0 5  

1 . 9 9 0 3 5 * 5 - 0 5  

1 . 6 0 5 6 5 * 5 - 0 5

1  . 2 9 4 7 4 * 5 - 0 5

1 . 0 4 3 6 1  * > - 0 5  

8 . 40863*5-06 
6 . 7 7 2 3 2 * 5 - 0 6

<pypzlpzpy>

;wo n itr o g e n  atoms



R. <pyls!1spy> <py2sI2spy>

8 .6 2 5
8 .7 5 0
8 .8 7 5  
9.000  
9 .1 2 5  
9 .2 5 0  
9 .3 7 5  
9 .5 0 0
9 .6 2 5
9 .750
9 .8 7 5  

10.000
1 0 . 1 2 5
1 0 .2 5 0
1 0 .3 7 5
1 0 .5 0 0
1 0 .6 2 5
1 0 .7 5 0
1 0 .8 7 5
1 1 .0 0 0
1 1 .1 2 5
11 .250
1 1 .3 7 5
1 1 .5 0 0
1 1 .6 2 5
1 1 .75 0
1 1 .8 7 512.000
1 2 .1 2 5
1 2 .2 5 0
1 2 .3 7 5  12 .500
1 2 .6 2 5

5.^238830-06 
4 .3 6 4 5 5 » -0 6  
3 .5 1 1 2 4 » -0 6  
2 .8 2 2 9 3 » -0 6  
2 .2 6 9 4 1 » -0 6  
1 .8 2 3 6 2 » -0 6  
1 .4647630-06 
1 .1 7 8 4 o» - 06 
9 .2 0 7 2 6 » -0 7  
7 .2461 o » - 0 7  
6 . 1 3 9 i6 » -0 7
4 . 8684830-07
3 .9 l4 2 8 » -0 7  
3 .1 3 6 3 6 » -0 7  
2 . 5 1 4 6 o » - 0 7  
2 . 0 1 4 6 6 » - 0 7  
1 . 6 1 4 i 1 » - 0 7  
1 .2 9 3 0 5 » -0 7  
1 .0 3 6 4 4 » -0 7  
8 .2 8 5 2 3 » -0 8  
6 .6 3 3 7 6 » -0 8  
5 .3 0 8 1 1 » -0 8  
4 .2 4 6 7 8 » -0 8  
3 .3 9 6 5 3 » -0 8  
2 .72121  » -0 8  
2 .1 7 4 1 5 b-0 8  
1 .7 3 6 3 3 » -0 8  
1 .3877130-08 
1 . 1 0 8 9 1 » - 0 8
8 .8 5 9 5 0 » -0 9
7 .0 7 6 8 6 » -0 9
5 .6 5 l8 8 » -0 9
4 .5 l3 0 5 » -0 9

5 .3 34 70 » - 0 6  
4 .2 9 4 2 3 » -0 6  
3 .4 5 5 7 3 » -o6 
2 .7 7 9 5 6 » -o6 
2 .2 3 5 2 6 » -o6 
1 . 7 9 6 8 1 » - 0 6  
1 .4 4 3 8 0 » -0 6  
1 .1 6 i 8 3 »-0 6  
9 . 0 8 1 6 3 » - 0 7  
7 . i 4 9 3 9 »-0 7  
6 .0 5 8 5 2 » -0 7  
4 .8 0 6 1 1 » - 0 7  
3 . 8 6 5 0 2 » -0 7  
3 .0 9 8 3 0 » -0 7  
2 .48473® -07  
1 .9 9 l0 2 » -0 7  
1 .5 9 5 5 6 » -0 7  
1 .2 7 8 5 3 » -0 7  
1 . 0 250 310 -07
8 . 1 9 5 78»-0 8  
6 .56359® -08  
5 .2 5 3 1 0 » -0 8  
4 .2 0 3 6 2 » -0 8  
3 .3 6 2 6 1 » -0 8  
2 .6 9 4 6 4 » -0 8  
2 .1 5 3 2 8 » -0 8  
1 .7 1 9 9 6 » -0 8  
1 .3 7 4 8 7 » -0 8  
1 .0 9 8 8 5 » -0 8  
8 .7 8 0 5 3 » -0 9  
7 .0 1 491 » - 0 9  
5 .6 0 3 2 9 » -0 9  
4 .4 7 4 9 4 » -0 9

5.20940»-06 
4.19471»-06 
3.37671»-06 
2 .7 1 6 8 4 » -o6 
2.18548»-06 
1.75732»-06 
1 .4124830-06 
1 .1369430-06 
8.88985»-07 
7.00056»-07 
5.93354»-07 
4.70806»-07 
3.78736»-07 
3.03647»-07 
2.43558»-07
1.95251 »-07
1.56502»-07 
1 .2 5 4 3 4 » -0 7  
1.00589»-07 
8.04429»-08 
6.44375»-08 
5.15832»-08 
4.i2865»-08 
3.30333»-08 
2.64773»-08
2 .1 i 6 2 0 » -0 8  
1,69065»-08 
1.35171 »-08 
1.08054»-08 
8.63586»-09 
6 . 9006o » - 0 9
5.5l298»-09
4 . 40359»-09

<pypxlpxpy>

Table(A1.4 )
Hybrid in te g ra ls  between t



5 .3 4 2 2 8 » -0 6  5 .4 5 2 4 4 » -o6
4 . 2 9 9 8 1 » - 0 6  4 .3 8 8 l6 » -0 6
3 .4 5 9 8 4 » -o6 3 .5 3 0 6 5 » -o6
2 .7 8 2 5 3 » -o6 2 .8 3 9 3 0 » -o6
2 . 2 3 7 4 2 »-o6 2 . 28288»-06
1 .7 9 8 3 5 » -0 6  i . 8 3 W » - o6
1 ,4 4 4 9 0 » -0 6  l ,4 7 4 0 3 » -0 6  
1 . 1 6 2 6 1 » - 0 6  i . l 8 5 9 3 » - o 6
9 .o8 6 76»-0 7  9 .2 6 8 2 8 » -0 7
7 .1 52 84m-0 7  7 .2 9 4 8 7 » -0 76 .o6032»-07 6 . i 810i »-07
4 . 8196630 -07  4 . 9026230-07
3 .8 6 4 5 9 » -0 7  3 .9 4 l7 7 » -0 7
3 .0 9 9 0 0 » -0 7  3 .1 5 9 0 1 » -0 7 .
2 .4 84 51 » - 0 7  2 .5 3 2 8 0 B-0 7
1 .9 9 1 l4 » -0 7  2 .0 2 9 6 2 » -0 7
1 .5 9 5 5 1 » -0 7  1 . 6 2 6 l 6 » - 0 7
l .2 7 8 3 9 » -0 7  1 .3 02 84» 0 7
l .0 2 4 8 6 » -0 7  1 . o4433»-07
8 .l9 4 0 2 » -0 8  8 .3 4 8 9 9 » - o8
6 .5 6 l7 9 » -0 8  6 . 6 8 5 2 O30-O8
5 .2 5 1 3 8 »-0 8  5 .3 4 9 6 1 »-0 8
4 . 2 0 2 0 1» -0 8  4 .2 8 0 1 8 »-0 8
3 .3 6 l l6 » -0 8  3 .4 2 3 3 4 »-0 8
2 .6 9 3 3 3 » -0 8  2 .7 4 2 8 3 » -0 8
2 .1 5 2 l4 » -0 8  2 .1 9 l4 9 » -0 8
1 .7 1 8 9 9 » -0 8  1 .75025»-08
1 . 3 7 4 o3 »-o8  1 . 39888» - o8
1 . 0 9 8 1 3 » -0 8  1 .1 1 7 8 7 » -o8
8 .7 7 4 4 5 » -0 9  8 .9 3 i2 7 » -0 9
7 .0 0 9 8 0 » -0 9  7 .l3 4 3 5 » -0 9
5 .5 9 9 0 0 » -0 9  5 .6 9 7 9 0 »-0 9
4 .4 7 1 3 4 »-0 9  4 .5 4 9 8 7 »-0 9

<pypyipypy> <pypzipzpy>

con t.
;wo n itrogen  atoms.

275



R <py2sI2spy><py1s i i spy>

1 2 .75 0
1 2 .8 7 5  
13 .000
13 .12 5
13 .250
1 3 .3 7 5
1 3 .5 0 0
1 3 .6 2 5
13 .750
1 3 .8 7 5
14 .000
1 4 .1 2 5
1 4 .2 5 0  
1 ^ .3 7 5
14 .50 0
1 4 .6 2 5
1 4 .7 5 0
1 4 .8 7 5
15.000
1 5 .1 2 5
15.250
1 5 .3 7 5
1 5 .5 0 0
15.625
1 5 .7 5 0
1 5 .8 7 5
16.000

3 .6 0 2 ü8 » - ü 9 
2 .8 8 7 5 7 » -0 9  
2 . l 6 0 3 7 » - 0 9  
1 .8 3 1 6 2 w-0 9  
1.4571930-09 
1 .1664530-09 
9 .2 9 7 2 3 )0 -1 0  
7 . 4 i 4 iüjo- iü  
5 .9 1 1 63 )0 -1 0  
4 .7 1 2 9 2 )0 -1 0  
3 .7 5 6 6 8 )0 -1 0  
2 .9 9 4 0 2 )0 -1 0  
2 .3 8 5 8 9 )0 -1 0  
1 9 0 1 0 0 )0 -1 0  
1 .5 1 4 4 7 b - 10 
1 .2 ü6 3 5 b- 10 
9 .6 0 8 0 3 b -11  
7 .6 5 1 3 1 » -1 1  
6 .09239 )0 -11  
4 .8 5 0 3 9 b -11  
3 .8 6 1 1 7 b - 11 
3 .0 7 3 2 9 b- ! 1 
2 . 4 4593 b - 11 
1 .9 4 6 4 4 k-  11 
1 .5 4 8 6 9 b - 11 
1 .231  8 8 b- 1 1 
9 .8 0 1  96b -1 2

3 . 5 7 2 1 9 b - 0 9  

2 . 8 6 4 ü 3 » - 0 9  

2 . 1 4 3 1 4 j o - 0 9  

1 . 8 1 7 1 9 ) 0 - 0 9  

1 . 4 4 5 9 1 B - 0 9  

1 . 1 5 7 5 8 b - 0 9  

9 . 2 2 7 8 2 b - 1 0  

7 . 3 5 9 6 5 b - Î O  

5 . 8 6 8 9 2 ) 0 - 1 0  

4 . 6 7 9 4 3 b - 1 0  

3 . 7 3 0 4 2 b - 1 0  

2 . 9 7 3 4 3 b - 1 0  

2 . 3 6 9 7 4 b - 1 0  

1 . 8 8 8 3 4 b - 1 0  

1 . 5 0 4 5 4 » - 1 0

1 .19856b- 10
9.54697 b - 11 
7 . 6 0 3 4 1  b - 11 
6 . 0 5 4 8 4 » - 1 1  

4 . 8 2 0 9 5 b - 1 1  

3 . 8 3 8 0 8 » - 1 1

3 . 0 5 5 1 9 b - 1 1

2 . 4 3 1 7 3 b - 1 1  

1 . 9 3 5 3 2 b - 1 1  

1 .  5 3 9 9 5 b - 1 1  

1 . 2 2 5 0 4 » - 1 1  

9 . 7 4 6 8 0 » - 1 2

H ybrid inte|



<pypxlpxpy> <pypylpypy> <pypzlpzpy>

3.51585b-09 
2 .8 1933»-ü9
2 .1  i o i 4 » - 0 9
1 .7 8 9 4 4 .0 -  0 9  
1 . 4 2 4 o 6 » - 0 9  
1 . i 4 0 2 5 m - 0 9  
9 .0 9 1 2 4 » - i o
7 .2 5 1 8 3 .0 -  10
5.78383io- 10 
4,61227io-10 
3 .67742»-10 
2 .93l6om- 10 
2.3367510-10 

1 .86230»-10 
1 .48400»-10 
1.18236»-10 
9.41916 » -l1
7 . 5 0 2 6 3 » - ! 1
5 .97536»-11 
4.75826»-!1 
3.78865b- 11 
3.01621 » -11
2 . 40100»-11
1 .9 1 108»-11
1 . 5 2 0 8 5 » - 11
1.20998»-11
9 .6 2 9 4 3 3 0 -1 2

3.56921B -09
2 . 8 6 1 5 ^10-09
2 .1 4 1 1 9 » - 0 9  
1 . 8 1 5 5 0 »-0 9  
1 .4445330-09 
1 . l5 6 4 4 » -0 9  
9 . 2 1 8 6 8 » - io
7 . 3 5 2 0 7 » -10 
5 . 8 6 2 6 8 » - l 0 
4 .6 7 4 3 3 b-10  
3 . 7 2 6 2 7 » - 10
2 . 9 7 0 0 5 » - i 0
2 . 3 6 7 0 1 » - 1 0  

1 . 8 8 6 1 1 » - 1 0  
1 . 5027510 -10
1 .1 97 11» -1 0  
9 .5 35 21»-11 
7 . 5 9 3 9 3 »-11 
6 .0 4 7 2 0 » -n  
4 .8 1 4 7 8 » -11 
3 .8 33 11» 11 
3 .0 5 1 18»-11 
2.42851 » - 1 1 
1 .9 3 2 7 2 » -11 
1 .5 3 7 8 7 » -11 
1 .2 2 3 3 8 » -11 
9 .7 3 3 1 0 »-1 2

3.63152»-09 
2.91120»-09
2 .1 7 8 o8 » -0 9  
1.84664»-09 
1.46915»-09 
1 .1 7 6 o4 » -0 9  
9 .37377»-10 
7.47514»-10
5 . 9 6 0 2 9 » - !0 
4.7516 9 » -1 0
3 .78757»-10 
3.01862»-10 
2.40548»-10 

1.91659»-10
1 . 5 2 6 8 7 » - 10 
1 . 2 1 6 2 2 » - 10 
9 .6 8 6 5 1  » - 1 1
7.71371»-11 
6.14200»-!1
4.88981»-11 
3.89249»-i1
3.09817»-1l
2 .46568»-11 
1.96214»-11 
1.56113»-11 
1.24177»-11
9 .87877»-12

T a b le ( A1 .4 )  c o n t .  
r a ls  betw een two n itr o g e n  atom s.



<pzpxlpxpz>R. < p z ls llsp z >  <pz2sI2spz>

4 .5 0 0  3 .2 4 5 5 2 .-0 2
4 .6 2 5  2 . t 6 8 40*-02
4 .7 5 0  2 .3 5 5 7 6 b-0 24.875 2 .0 0 0 0 7 .-0 2
5 .0 0 0  1 .6 9 4 4 6 » -0 2
5 .1 2 5  1 .4 3 2 6 5 .-0 2
5 .2 5 0  1 .2 0 8 9 4 b-0 2
5 .3 7 5  1 .0 l8 3 2 „ -0 2
5 .5 0 0  8 . 56267d-0 3
5 .6 2 5  7 .1 8 8 1 5 » -0 3
5 .7 5 0  6 .0 2 4 7 8 * -0 3
5 .8 7 5  5 .0 4 2 1 5 . - 0 3
6 .0 0 0  4 .2 1 1 5 3 .-0 3
6 .1 2 5  3 .5 3 3 8 9 .-0 3
6 .2 5 0  2 .6 2 1 9 2 »-0 3
6 .3 7 5  2 .4 7 6 2 1 b-0 3
6 . 50«  2 . o i 6 io b-0 3
6 .6 2 5  1 .6 8 5 8 3 .-0 3
6 .7 5 0  1 .3 9 7 3 5 .-0 36.875 1.15 7 7 8 » -0 3
7 .0 0 0  9 * 5 8 4 6 9 .-0 4
7 .1 2 5  7 .9 2 5 0 7 .-0 4
7 .2 5 0  6 .5 4 7 5 1 .-0 4
7 .3 7 5  5 .4 o4 2 5 » -o4
7 .5 0 0  4 .4 5 6 4 6 M-o 4
7 .6 2 5  3 .6 7 2 0 6 B-0 4
7 .7 5 0  3 .0 2 3 0 4 » -0 4
7 .8 7 5  2 .4 8 6 7 6 » -o 4
8 .0 0 0  2 . o 4 4 o 2® -o 4
8 .1 2 5  1 .6 7 8 8 4 » -0 4
8 .2 5 0  1 .3 7 7 8 9 b-0 4
8 .3 7 5  1 .1 3 0 0 7 .-0 4
8 .5 0 0  9 . 26230B- 0 5

3.05791b-02
2 .6 i 553b-02 
2 .2 3 1 3 6 »-0 2  
1.89899b-02 
1.61242B-02
1.366i 3b-02
1 .15508b- 02 
9.74742b-03 
8.21044b-03 
6.90370b-03 
5.79527b-03 
4 .8 5 7 1 1b-03 
4 .o6463b- 03 
3.39654b-03 
2.83434b-03 
2.362o6b-03 
1.96599b- 03 
1.63434b-03 
1.35711b-03
1.12556,1-03 
9.32589b-04 
7 .7 1 817b-04 
6 .3 8 1 73b- o4 
5.27154b-04 
4 .3 5 0 4 2 „ -0 4  
3 .5 8 7 1 2b-04 
2 .9 5 5 1 5b-04 
2.43249b- 04 
2.00067b-04 
1.64422b-04 
1.35025b-04 
1.10803b-04
9 . 0 8 6 2 8 ^ 0 5

2.92905b-02
2 . 5 0 7 1 2 b - 0 2
2.14038b-02 
1 .82284b-02 
1 .54883b-02 
1 .31314b-02 
1 .11102b-02  
9 . 3 8 1 72 »-03  
7 . 9074819-03 
6 . 6 5 3 1 4b-03 
5.58839b- 03 
4.68654b-03 
3.92421b-03 
3 .2 8 1 10»-03  
2.73955b-03 
2.28433b-03 
1 .90232b-03 
1 ,58225b-03 
1 .31454b-03 
1 ,09080b-03 
9.04237b-04 
7 .4 8 7 1 4 » -0 4  
6.19362b-04 
5 .11851b-04 
4 .2 2 6 o4b-0 4  
3.486iob- o4 
2.87317b-04 
2 .36601b-04 
1 . 94678b -0 4  
1.6O057b- o4 
1 .31493b-04 
1 .07946b-04 
8 .85531b-05

Table(A1.4 )
Hybrid in te g ra ls  between t



<pzpylpypz> <pzpzlpzpz>

2.92905»-02 
2.507t2»-02 
2.l4038»-02 
1.82284»-02 
1.54883b-02 
1-313l4»-02 
1 .11102»-02 
9.38172»-03 
7 .90748»-03 
6.65314»-03 
5 .58839»-03 
4.68654b-03 
3.9242l»-03 
3.281l0»-03 
2.73955»-03 
2.28433b-03 
1.90232»-03 
1.58225»-03 
1.3l454»-03 
1.09080»-03 
9.04237b-04 
7.48714»-04 
6.19362»-04 
5.11851b-04 
4 . 2 2 6 o 4 » - 0 4  
3.48610»-04 
2.87317b-04 
2.36601»-04 
1.94678»-04 
1 .60057b-04 
1 .31493»-o4 
1.07946»-04 
8.85531b-05

3 . 3 1 5 0 2 »-0 2
2 .8 3 2 3 7 » -0 2  
2 .4 l3 3 2 » -0 2  
2 .0 5 1 2 9 » -0 2  
1 .7 3 9 6 0 » -0 2
1 . 4 7 2 1 0 b - 0 2  
1 .24321» -0 2  
1.0 4 7 8 8 »-0 2  
8 . 8 1 637b-0 3  
7 .4 o48 2 »-0 3  
6 .2 0 9 0 5 » -0 3  
5 .l9 8 2 4 » -0 3  
4 .3 4 5 4 7 » -0 3  
3 .6 2 7 4 2 » -0 3  
3 . 0 2 3 9 1 » -0 3  
2 .5 l7 5 2 » -0 3  
2 .0 9 3 3 2 » -0 3  
1 .73851» -0 3  
1 .4 4 2 2 6 »-0 3  
1 .1 9 5 0 7 »-0 3  
9 .8 9 2 9 3 » -0 4  
8 . l8 o 2 5 » -o 4  
6 .7 5 7 9 5 » - o4 
5 .5 7 7 6 o» - o4 
4 . 5 9 9 2 0 » -0 4  
3 .7 8 9 1 6 » -o 4  
3 .1 1913» - o4 
2 . 56548»-0 4  
2 .1 0 8 4 4 » -0 4  
1 .7 3 l5 1 » -0 4  
1 . 4 2 0 9 0 » -0 4  
1 . 1 6 5 1 8 » -0 4  
9 .5 4 8 1 9 » -0 5

i

i

con t.
;wo n itrogen  atoms
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8.625 7.58632»-05
8.750 6.20955»-05
8.875 5.07980»-05
9 .0 0 0  4 . 1 5 2 6 o» - 0 5
9-125 3.39285»-05
9.250 2.77050»-05
9.375 2.26o94»-05
9.500 1.84710»-05
9.625 1.46794»-05
9-750 1.17495b-05
9.875 1 .00607»-05

10 .00 0  8 .1 2 o 6 3 » -o 6
10.125 6.6o750»-o6
1 0 . 2 5 0  5 . 3 7 3 1 0 » - 0 6

10.375 4.36785»-o6
1 0 . 5 0 0  3 . 5 4 8 6 6 b - o 6

10.625 2.88228*-o6
10.750 2.33969b- o6
10.875 1.89864»-o6
11.000 1.54001b- o6
11.12 5  1.24871b- o6
n .2 5 0  1.0121 3b -o 6
11.375 8.20049b-07
11.500 6.64186b-07
11.625 5.37734b-07
11.750 4.35213b-07
11.875 3 .5 2 117b-07
1 2 . 0 0 0  2 . 8 4 7 9 0 b - 0 7

1 2 . 1 2 5  2 . 3 0 2 6 1 b - 0 7

12.250 1.86112b-07
12.375 I.5038OB-07
12.500 1.21472b-07
1 2 . 6 2 5  9 . 8 0 9 0 5 b - 0 8

R. <pz1sI1spz>

7.^4593®-05 
6.09766»-05
4 . 9 9 0 4 5 b - 0 5  

4 .0 8 1 5 1 b - 0 5  

3 . 3 3 6 2 1 » - 0 5  
2 . 7 2 5 3 6 » - 0 5  
2 . 2 2 5 0 4 » - 0 5  
1 .8 1 8 4 1  » - 0 5  
1 . 4 4 5 7 9 d - 0 5  

1 . 1 5 7 6 5 b - 0 5  

9 . 9 1 5 o 6 » - o 6  
8 . o o 6 2 4 » - o 6  
6 . 5 1 6 2 7 b - o 6  

5 . 3 0 0 7 8 » - o 6  

4 . 3 1 0 2 1 » - 0 6  
3 . 5 0 3 0 2 » - o 6  
2 . 8 4 5 7 1 b - 0 6  
2 . 3 1 0 9 0 » - 0 6  
1 . 8 7 5 7 4 » - o 6  

1 . 5 2 i 8 o » - o 6
1 . 2 3 4 2 7 b - 0 6

1 , o o o 6 8 » - o 6  
8.10955b-07 
6.56959b-07 
5.32009b-07 
4.30671b-07 
3.48514»-07 
2.81943b-07 
2.28o42»-07 
1.84307b-07 
1 .48949b-07 
1.20343»-07 
9.71953b-08

<pz2sI2spz>

7 . 2 5 9 3 3 b - 0 5  

5 . 9 4 6 9 9 b - 0 5  

4 . 8 6 8 8 5 b - 0 5  

3 . 9 8 3 4 3 b - 0 5  

3 . 2 5 7 1 3 b - 0 5  

2 . 6 6 1 6 5 b - 0 5  

2 . 1 7 3 7 3 b - 0 5  

1 . 7 7 7 0 3 b - 0 5  

1 . 4 1 3 3 6 . - 0 5  

1 . 1 3 2 0 8 b - 0 5  

9 . 6 9 8 1 o » - o 6  

7 . 8 3 3 4 4 » - o 6  

6 . 3 7 7 4 4 » - o 6  

5 . 1 8 9 3 0 » - o 6  

4 . 2 2 0 7 2 » - o 6  

3 . 4 3 1 1 9 b - o 6  

2 . 7 8 8 1 o » -o 6  
2 . 2 6 4 6 9 b - o 6  

1 . 8 3 8 7 0 » - o 6  

1 , 4 9 2 2 0 » - o 6

1 . 2 1 0 5 2 » - o 6  

9 . 8 i 6 2 7 b - 0 7  

7 . 9 5 7 0 2 * - 0 7  

6 . 4 4 7 4 9 b - 0 7  

5 . 2 2 2 3 8 b - 0 7  

4 . 2 2 8 5 5 b - 0 7  

3 . 4 2 2 6 2 » - 0 7  

2 . 7 6 9 3 4 » - 0 7  

2 . 2 3 9 9 9 b - 0 7  

1 . 8 1 l 2 2 » - 0 7  

1 . 4 6 4 o 4 » - 0 7  
1 . i 8 3 0 5 b - 0 7  

9 . 5 5 6 7 8 » - o 8

T able  (A 1.4 )

<pzpxlpxpz>

H ybrid I n t e g r a ls  betw een t



7 .2 5 9 3 3 .-0 5  
5 .94699® -05 
4 .8 6 8 8 5 » -0 5  
3 .9 8 3 4 3 » -0 5  
3 .2 5 7 1 3 .-0 5  
2 .6 6 1 6 5 » -0 5  
2 .1 7 3 7 3 » -0 5  
1 .7 7 7 0 3 .-0 5  
1 .4 1 3 3 6 .-0 5  
1 . 1 3 2 0 8 ,- 0 5  
9 . 6 9 8 1 0 .- 0 6  
7 *8 3 3 4 4 .-0 6  
6 .3 7 7 4 4 .-0 6  
5 .1 8 9 3 0 » -o6
4 . 2 2 0 7 2 .- 0 6
3 .4 3 1 1 9 »-o 6
2 . 7 8 8 1 o » -o 6  
2 .2 6 4 6 9 » - o6 
1 . 8 3 8 7 0 .- 0 6  
1 . 4 9 2 2 0 .- 0 6  
1 . 2 1 0 5 2 .- 0 6  
9 .8 1 6 2 7 .-0 7  
7 .9 5 7 0 2 .-0 7  
6 .4 4 7 4 9 .-0 7
5 . 2 2 2 3 8 .- 0 7
4 .2 2 8 5 5 » -0 7
3 .4 2 2 6 2 .-0 7
2 .7 6 9 3 4 .-0 7
2 . 2 3 9 9 9 .- 0 7  
1 .8 1 1 2 2 .-0 7  
1 .4 6 4 0 4 .-0 7  
1 .1 8 3 0 5 .-0 7  
9 .5 5 6 7 8 .-0 8

<pzpylpypz>

7 .8 1 9 1 2 .-0 5
6 .3 9 8 9 9 .-0 5
5 .2 3 3 6 4 ,-0 5
4 .2 7 7 6 7 .-0 5
3 .4 9 4 3 5 .-0 5
2 .8 5 2 8 0 .-0 5
2 . 3 2 7 6 8 .- 0 5
1 .9 0 1 1 7 .-0 5  
1 .5 1 0 6 2 ,-0 5  
1 .2 0 8 8 0 .-0 5  
1 .0 3 4 9 0 ,-0 5  
8 .3 5 1 8 4 .-0 6  
6 .7 9 3 9 2 .-0 6  
5 .5 2 3 7 6 .-0 6  
4 .4 8 9 2 1 ,-0 6  
3 .6 4 6 6 6 .-0 6  
2 . 9 6 0 9 6 .- 0 6
2 .4 0 3 3 1 .-0 6
1 .9 4 9 8 3 .-0 6
1 . 5 8 1 1 8 , - 0 6
1 .2 8 1 8 4 ,-0 6
1 .0 3 8 7 7 .-0 6
8 .4 1 4 6 1 .-0 7
6 .8 1 3 7 7 .-0 7
5 .5 1 5 4 9 .-0 7
4 .4 6 3 0 4 .-0 7
3 .6 1 0 1 7 .-0 7
2 .9 1 9 3 0 ,-0 7
2 .3 5 9 8 6 ,-0 7
1 .9 0 7 0 3 .-0 7
1 .5 4 0 6 0 .-0 7
1 .2 4 4 1 9 .-0 7
1 .0 0 4 5 1 .-0 7

<pzpzlpzpz>

cont.
;wo n itrogen  atoms



<pzpxlpxpz>

1 2 .75 0
1 2 .8 7 5
1 3 . 0 0 0

13 .12 5
13.250
13 .375
13.500
1 3 . 6 2 5

13.750
13 .875  
U .0 0 0
1 4 . 1 2 5

14.250
14 .375
14.500
14 .625
14.750
14 .875
1 5 . 0 0 0

1 5 . 1 2 5

15.250
15 .37 5
15.500
15 .625
15.750
15 .875
1 6 . 0 0 0

R.

7 * 9 1 6 5 3 . - 0 8  

6 . 4 1 5 3 7 . - 0 8  

4 . 8 6 6 2 4 B - 0 8  

4 . 1 5879b -0 8  
3 . 3 4 4 6 2 . - 0 8  

2 . 7 0 5 0 1 b - 0 8  

2 . 1 7 8 7 5 . - 0 8  

1 .7 5 5 4 6 b -0 8  
1 . 4 1 4o5b- o8 
1 . 1 3 8 7 7 . - 0 8  

9 . 1 6 8 3 9 . - 0 9  

7 . 3 7 9 8 1 b -0 9  
5 . 9 3 8 8 1 . - 0 9  

4 . 7 7 8 0 1 b - 0 9  

3 .8 4 3 2 8 b -0 9  
3 .0 9 0 6 8 b-0 9  
2 .4 8 4 9 2 b-0 9  
1 . 9 9 7 4 5 . - 0 9  

1 .6 0 5 2 7 b-0 9  
1 . 2 8 9 8 1 B - 0 9  

1 .0 3 6 i 3b-0 9  
8 . 3 2 1 7 7 . - 1 0  

6 .6 8 2 4 6 b-1 0  
5 . 3 6 5 1 1 . - 1 0  

4 .3 o638b-1 0  
3 . 4 5 5 5 3 . - 1 0  

2 . 7 7 3 1 2b-1 0

<pz1sI1spz>

7 .8 4 5 6 3 .-0 8  
6 .3 5 8 9 5 .-0 8  
4 .8 2 4 4 2 b- o8 
4 .1 2352b- o8 
3 . 3 1 6 7 6 . - 0 8  
2 .6 8 2 8 7 .-0 8  
2 . 1 6 1 2 3 . - 0 8  
1 .7 4 1 58b-0 8  
1 . 4 0 3 0 7 .- 0 8  
1 . 1 3 0 0 8 .- 0 8  
9 .0 9 9 5 7 .-0 9  
7 .3 2 5 3 3 .-0 9  
5 .8 9 5 7 0 .-0 9  
4 .7 4 3 9 0 .-0 9  
3 . 8 1 6 2 8 .- 0 9  
3.06932b-09 
2 .4 6 8 0 2 .-0 9  
1 .9 8 4 0 7 .-0 9  
1.59470b-09 
1 .2 8 1 4 4 .-0 9  
1 .02952b-09 
8 .2 6 9 5 1 .-1 0  
6 .6 4 1 10B-1 0  
5 . 33237b- 10 
4.28o52b- io 
3 .4 3 5 1 6b-1 0  
2 . 75692b- 1 0

<pz2sI2spz>

7 . 7 1 5 6 9 . - 0 8  

6 . 2 5 4 7 8 . - 0 8  

4 . 7 4 6 5 0 b - 0 8  

4 . 0 5 7 4 5 . - 0 8  

3 . 2 6 4 2 1 . - 0 8  

2 . 6 4 o 8 o b - o 8  

2 . 1 2 7 7 1 . - 0 8  

1 . 7 i 4 8 5 b - 0 8

1 . 3 8 1 7 6 . - 0 8  

1 .1 1 3 1 0 .-0 8  
8 . 9 6 4 2 8 . - 0 9  

7 . 2 1 7 5 6 . - 0 9  

5 . 8 0 9 8 4 . - 0 9  

4 . 6 7 5 5 2 . - 0 9  

3 . 7 6 1 8 3 . - 0 9  

3 . 0 2 5 9 7 . - 0 9  

2 . 4 3 3 5 1 . - 0 9  

1 . 9 5 6 6 1 . - 0 9  

1 . 5 7 2 8 5 . - 0 9  

1 . 2 6 4 0 6 . - 0 9  

1 . 0 1 5 6 9 . - 0 9

8 . 1 5 9 4 8 . - 1 0  

6 . 5 5 3 5 7 . - 1 0  

5 . 2 6 2 7 7 . - 1 0  

4 . 2 2 5 1 9 b - 1 0

3 . 3 9 1 2 0 . - 1 0

2 . 72185 .-10
T a b le (A 1 .4 )

H ybrid I n t e g r a ls  betw een t



7 .7 1 5 6 9 » -0 8  
6 .2 5 4 7 8 b -0 8  
4 .7 4 6 5 0 » -0 8  
4 .0 5 7 4 5 b - 0 8  
3 .2 6 4 2 1 b - o8 
2 .6 4 o8ob - o 8 
2 .1 2 7 71  » - 0 8  
1 ,7 1 4 8 5 » “ 08  
1 .3 8 1 7 6 » -o8
1 .1 1 3 10 ,0 -0 8  
8 .9 6 4 2 8 b-0 9  
7 .2 l7 5 6 » -0 9  
5 .8 0 9 8 4 » -0 9  
4 .6 7 5 5 2 b-0 9  
3 .7 6 1 8 3 » -0 9  
3 .0 2 5 9 7 » -0 9  
2 .4 3 3 5 1 b -0 9  
1 .9 5 6 6 1 » -0 9  
1 .5 7 2 8 5 b -0 9  
1 .2 6 4 o6 * -0 9  
1 .0 1 5 6 9 b- 0 9  
8 .1 5 9 4 8 b -1 0  
6 .5 5 3 5 7 b -1 0  
5 . 26277b- 10 
4 .2 2 5 1 9 b -1 0  
3 .3 9 1 2 0 b -1 0  
2 .7 2 1 85b -1 0

<pzpylpypz>

8.10548b-08 
6.56727b-08 
4.98028b-08 
4.25565b-08 
3.42187b-08 
2.7670O B -08
2.22828b-08
1.79503b-08 
1.44568b-08 
1. 16403b-08 
9.37018b-09 
7.54091b-09 
6.06741b-09 
4.88o66b-09 
3.92519b-09 
3.15602b- 09 
2.53704b-09 
2.03901b-09 
1.63841 *>-09 
1.31622b-09 
1.05719b-09 
8.48959b-10 
6.81614»-10
5.47158b-10
4.39119b-10
3.52311b-10 
2 .82669b- 10

<pzpzlpzpz>

c o n t .
;wo nitrogen atoas.
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A pp en d lx (2 )

The A l g o l  t e x t  o f  a  program  to  c a l c u l a t e  t r a n s f e r  I n t e g r a l s .  

( A 2 . 1 ) I n t r o d u c t i o n .

(A 2 .2 )  C o n s t r u c t io n  o f  th e  d a ta  t a p e .

( A 2 .3) T e x t  o f  th e  program .
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(A 2 .1 ) I n t r o d u c t io n .

The program  e v a lu a te s  th e  t r a n s fe r  I n t e g r a l  betw een 

one m o le cu le  a t  th e  o r ig in  and a n oth er  whose c o o r d in a te s  

a re  g iv e n  on  th e  da ta  ta p e . The two ce n tre -tw o  e le c t r o n  

in t e g r a l s  a r e  in p u t as  data  f o r  a f i x e d  in te r n u c le a r  

d is t a n c e  g r i d ;  and th e  v a lu es  f o r  any in te rm e d ia te  in t e r ­

n u c le a r  d is ta n c e  a re  o b ta in e d  by an A itk en  in t e r p o la t io n  

p ro c e d u r e . The o n e -e le c t r o n  in t e g r a ls  a re  e v a lu a te d  a n a l­

y t i c a l l y  w ith in  th e  program  u s in g  th e  methods o u t l in e d  in  

A p p e n d ix (1 ) .  The program  c o n ta in s  th e  t e x t  o f  th e  p ro ce d u re s  

u sed  t o  determ in e  th e  fu n c t io n s  A n(a) and Bm(b) r e fe r r e d  to  

i n  th e  p r e v io u s  A ppendix.

S e v e ra l v a r ia t io n s  o f  th e  program  a re  a v a i la b le ,  each  

b e in g  d e s ig n e d  f o r  a s p e c i f i c  prob lem . The m ost im p orta n t 

o f  th e s e  a r e :

( i )  A program  f o r  th o se  ca se s  in  which th e  secon d  m o le cu le  

ca n n o t be  g e n e ra te d  from  th e  f i r s t  by  a symmetry o p e r a t io n , 

e g : -  th e  u n it  c e l l  o f  t e tr a c e n e  c o n ta in s  two m o le cu le s  th a t  

a r e  sy m m e tr ica lly  u n re la te d .

( i i )  A program  w hich a llo w s  th e  m o le cu le  a t  th e  o r i g i n  t o  

b e  r o t a t e d  s l i g h t l y  abou t i t s  e q u ilib r iu m  p o s i t i o n ,  and

th e  in t e r a c t i o n  betw een t h is  d is p la c e d  m o le cu le  and a secon d  

m o le c u le  a t  l,m , n i s  c a lc u la t e d .

( i i i )  A program  to  c a lc u la t e  th e  p i  c o n t r ib u t io n  to  th e  

t r a n s f e r  in t e g r a ls  w ith ou t c a lc u la t in g  th e  one e le c t r o n  

i n t e g r a l s .

The ou tp u t o f  th e  program  c o n s is t s  o f  a s y n o p s is  o f  th e  

in p u t  d a ta , i e .  c r y s t a l  c o n s ta n ts ,a to m ic  c o -o r d in a te s ,H u e c k e l  

c o e f f i c i e n t s  e t c . ,w h ic h  i s  e s s e n t i a l l y  f o r  ch e ck in g  and id e n ­

t i f i c a t i o n  p u rp oses  fo l lo w e d  b y :
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INTERMOLECULAR RESONANCE AND OVERLAP INTEGRALS BETWEEN THE

MOLECULE AT 0 ,0 ,0  AND THE MOLECULE AT * * ,* * ,* *

ELECTRON( a u . ) HOLE( a u . ) ELECTRON( e V . ) H 0LE(eV.)

GAMMA * * * ****** * * * * * * * * * * * * * * * * * * * * * * * *

RESA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

RESB * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

OVERLAP * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

I n  a d d i t i o n  t o  th e  f o u r  colum ns l i s t e d  a b o v e , th e  o u tp u t  

c o n t a in s  tw o o t h e r s  w h ich  g i v e  th e  d i f f e r e n c e s  b etw een  

RESA,BESB an d  GAMMA, w here GAMMA i s  th e  e l e c t r o n i c  c o n t r ­

i b u t i o n  t o  t h e  t r a n s f e r  i n t e g r a l  and RESA, RESB a r e  th e  

n u c l e a r  c o n t r ib u t io n s  t o  th e  t r a n s f e r  i n t e g r a l  a ssu m in g  

t h e  e x c e s s  e l e c t r o n ( o r  h o le )  t o  b e  on m o le c u le  A o r  B 

r e s p e c t i v e l y .

( A 2 .2 )

m

DV

PP

N

mm

q

Co n s t r u c t io n  o f  th e  data  ta p e .

I f  m < 4 th e n  th e  m o le c u le  i s  assum ed 

t o  h a v e  i n v e r s i o n  sym m etry, and th e  c o ­

o r d in a t e s  o f  o n ly  h a l f  th e  atom s i n  th e  

m o le c u le  n eed  t o  b e  s p e c i f i e d .

A d e v ic e  o n  w h ich  th e  o u tp u t  i s  t o  b e  r e a d  

( u s u a l l y  3 0 ).

The number o f  p o i n t s  in  th e  i n t e g r a l  t a b l e s  

- 1 . (  N ote t h a t  t h e r e  m ust b e  th e  same 

number o f  p o i n t s  i n  e a c h  s e t  o f  i n t e g r a l  

t a b l e s . )

The number o f  atom s i n  th e  m o le c u le .

An i n t e g e r  f i x i n g  th e  p o s s i b l e  t y p e s  o f  

i n t e r a c t i o n . ( S e e  t e x t . )

The o r d e r  o f  th e  p o ly n o m ia l  i n  th e  A itk e n  

i n t e r p o l a t i o n  p r o c e d u r e .
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The m o le c u la r  o r b i t a l  c o e f f i c i e n t s  o f  th e

e x c e s s  e le c tro n *

The m o le cu la r  o r b i t a l  c o e f f i c i e n t s  o f  th e  

e x ce ss  h o le .

H J [i ]  The e le c t r o n  d e n s ity  f o r  th e  e x ce s s  e le c t r o n .

H K [i] The e le c t r o n  d e n s ity  f o r  th e  e x c e s s  h o le .

In  g e n e ra l H J [i]  «  H K [i].

S[ j.] D enotes th e  ty p e  o f  atom i .  i e .  C »  1 , N -2

and 0 = 3.

The s cre e n in g  param eter o f  atom i .

NU[ i ]  The n u c le a r  charge o f  atom i .

The a b ov e  v a lu e s  ( H [ i ]  Nu[ i ]  ) a re  fe d  in  f o r  each atom i .  

i e .  H[ 1 ] Hl[ 1 ] HJ[1] HK[1] S[ 1 ] T[ 1 ] N u[1]

H [2] Hl[ 2 ] H J[2] HK[ 2 ] S [2 ] T [2 ] N u[2]

H[ N] HI[N] HJ[N] HK[N] S[N] T[N] Nu[N ]

XXX[ J , i ] A 3xN a rra y  co n ta in in g  th e  a tom ic  c o -o r d in a t e s  

o f  atom i .  The v a lu es  sh ou ld  be  fe d  in  a s  

f o l l o w s :

xi 5 y i ;  zi 5

x 2 j  y 2 $ z 2 ;

a n g l e t  i ]

xN; yN zN;

F o r  a  m o le c u le  p o s s e s s i n g  a  c e n t r e  o f  sym m etry 

( m < 4 ) o n ly  th e  a to m ic  c o - o r d in a t e s  o f  

h a l f  th e  c e n t r e s  n eed  t o  b e  s p e c i f i e d .

A ix N  a r r a y  c o n t a in in g  t h e  a n g le s  b e tw e e n  atom s 

i - 1 , i  and i + 1 . I f  i  ■  N th e n  th e  a n g le  N - 1 , N, 1 

sh o u ld  b e  g i v e n  and i f  i  ■  1 th e  a n g le  N , 1 , 2 .  

A g a in  i f  m < 4 o n ly  h a l f  th e  a n g le s  n eed  be 

s p e c i f i e d .
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A 5xpp a r ra y  c o n ta in in g  th e  h y b r id ( o r  coulom b) 

in t e g r a ls  f o r  in t e r a c t io n s  betw een atoms 

co rre s p o n d in g  t o  S ■ 1 . The v a lu e s  a re  fe d  

in  in  s e t s  o f  5 in  th e  o r d e r

<py1s1spy> <py2 s2 spy> <pypxpxpy> <pypypypy> <pypzpzpy>

□ C C [ i , j ]  As above e x ce p t  th a t  th e  <pz------- pz> in t e g r a ls

r e p la c e  th e  <py-------py> in t e g r a l s .

i f  mm «1 th en  g o to  MISS. ( i e .  The m o lecu le  c o n ta in s  one ty p e  o f

atom o n ly )

i f  mm > 1 and < 5 and o d d , th en  g o to  NO NITROGEN.

P C N [i,J ] A 5XPP a rra y  c o n ta in in g  th e  h y b r id ( o r  cou lom b)

I n t e g r a ls  betw een atoms d en oted  by  S ■ 1 and 

S »  2 w ith  th e  p o t e n t ia l  due t o  th e  fo rm e r .

O C N [i ,j ]  As above o n ly  th e  <py--------py> in t e r a c t io n s

are  r e p la c e d  by  < p z -— -p z > .

P N C [I,J ] A 5xpp a rra y  c o n ta in in g  th e  h y b r id (  o r  cou lom b)

in t e g r a ls  betw een atoms d en oted  by S -  1 and 

S »  2 w ith  th e  p o t e n t ia l  due t o  th e  l a t t e r .

O N C [i ,j ]  As above o n ly  th e  <py--------py> in t e r a c t io n s

are  r e p la c e d  by <pz----- -p z > .

P N N [i,j ]  A 5xpp a rra y  c o n ta in in g  h y b r id  in t e g r a ls

betw een atoms d en oted  S ■* 2 .

O N N [i,j]  As above o n ly  th e  <py--------py> in t e r a c t io n s

are  r e p la c e d  by <pz------- p z> .

NO NITROGEN:

i f  mm »  2 th en  g o to  MISS. ( i e .  o n ly  two ty p e s  o f  atom in  th e

m o le c u le )

P C 0 [1 ,J ]

0 C 0 [I ,J ]

A 5xpp a rra y  c o n ta in in g  th e  h y b r id ( o r  cou lom b) 

I n t e g r a ls  betw een atoms d en oted  by  S -  1 and 

S -  3 w ith  th e  p o t e n t ia l  due t o  th e  fo rm e r .

As above on ly  the <py------ py> in tera ction s
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POC[ 1, J] A 5xpp a rra y  co n ta in in g  th e  h y b r id ( o r  coulom b) 

in t e g r a ls  betw een atoms d en oted  b y  S ■ 1 and 

S = 3 w ith  th e  p o t e n t ia l  due to  the l a t t e r .

GOC[i, J] As above o n ly  th e  <py-------py> in t e r a c t io n s

a re  r e p la ce d  by  <pz-------pz>.

PO O [i, J] A 5xpp a r ra y  co n ta in in g  h y b r id  in t e g r a ls  

betw een atom s d en oted  S «  3-

0 0 0 [ i , J ] As above o n ly  th e  <py— — py> in t e r a c t io n s  

a re  r e p la ce d  by <pz-------pz> .

i f  ram odd  and < 5 then  g o to  MISS.

PNO[ i ,  j ] A 5xpp a rra y  co n ta in in g  th e  h y b r id ( o r  coulom b) 

in t e g r a ls  betw een atoms d en oted  by  S ■ 2 and 

S = 3 w ith  th e  p o t e n t ia l  due t o  th e  fo rm e r .

ONO[i, J] As above o n ly  th e  <p y------py> in t e r a c t io n s

a re  r e p la ce d  b y  <pz-------pz> .

PON[ i ,  J] A 5xpp a rra y  co n ta in in g  th e  h y b r id ( o r  cou lom b) 

in t e g r a ls  betw een atoms den oted  by  S «  2 and 

S ■* 3 w ith  th e  p o t e n t ia l  due t o  the l a t t e r .

0 N 0 [ i , j ]  As above o n ly  th e  <py-------py> in t e r a c t io n s

a r e  r e p la ce d  b y  <pz-------pz> .

M ISS:

xC l ] A 1 xpp a r ra y  c o n ta in in g  th e  in t e m u c le a r  

d is ta n c e s  co rre sp o n d in g  t o  th e  above t a b le s .

REPEAT CALCULATION! 

a

i f  a  < 0 . 0  then  g o to  TERMINATE.

b

c C r y s t a l  c o n s t a n t s .

t h e t a

e t a
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qq

RR

d [ i ]

c 2 [ i ]

c 3 t i ]

The number o f  m o le c u le s  c o n s id e r e d  In  th e  

c a l c u l a t i o n .

The maximum l n t e r n u c l e a r  d is t a n c e  c o n s id e r e d .

F o r v a lu e s  o f  th e  l n t e r n u c l e a r  d i s t a n c e s  

> RR t h e  I n t e g r a l s  a r e  assum ed t o  be z e r o .

A 5x1 a rra y  c o n ta in in g  th e  c o n t r ib u t io n  o f  

th e  1 -th  I n t e g r a l  t o  th e  p o t e n t ia l  f o r  atoms 

w ith  S *■ 1 .

As above f o r  atoms w ith  S -  2 .

As above f o r  atoms w ith  S -  3 .

These a re  re p e a te d  f o r  th e  5 com ponents o f  

th e  I n t e g r a l  t a b le s .

e g . I f  th e  carbon  atom I s  assumed t o  be In  

th e  sp2 h y b r id  s ta te  th en  c 1 [ 1 ]  ■ 2 .0  s in c e  

th e  1 s e le c t r o n s  a re  c o n s id e r e d  t o  be l o c a l i z e d ;  

c1 [2 ]  -  c1 [3 ]  - c 1 [ 5 ]  -  1 .0  co rre s p o n d in g  

t o  th e  sp2 h y b r id  and c l [ 4 ]  ■ 0 ,0 ,

V a lues d e r iv e d  in  a s im ila r  manner sh ou ld  

be g iv e n  f o r  c2 and c 3 .  The r e s u l t  w ould th en  

co rre sp o n d  t o  th e  c o re  c o n t r ib u t io n  t o  th e  

t r a n s fe r  in t e g r a l .  F or a rom a tic  h y d roca rb on s  

h av in g  an even  d i s t r ib u t i o n  o f  p i ( p y )  e l e c t r o n s ,  

th e  t o t a l  t r a n s fe r  in t e g r a l  can  be c a lc u la t e d  

by s e t t in g  d [4 ]  -  1 . 0 ( n o  exchange) o r  0 .5  

(exchange in c lu d e d ) .  However t h i s  can n ot be 

a p p lie d  t o  h e t e r o c y c l i c  m o le c u le s . In  t h is  

ca se  th e  p i  in t e r a c t io n s  must be c a lc u la t e d  

s e p e r a t e ly .

The c l  s a re  fe d  in  th e  f o l lo w in g  o rd ers  

c l  [13 c 2 [ 1 ]  c 3 [ 1 ]
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cl [ 5 ] c2[ 5]  C3C5]

r epeat  fo r  another molecule of  the same CRYSTAL SYMMETRY SPECIES:

S Y [ i ,  J] A 3x3 a rra y  o f  th e  symmetry o p e r a t io n  which

maps th e  m o le cu le  a t  ( 0 , 0 , 0 )  o n to  th e  m o le cu le  

a t  ( l , m , n ) .

O f i , j ]  The o r th o g o n a liz a t io n  m a trix  f o r  th e  c r y s t a l l ­

o g ra p h ic  system .

L L [ i ]  A v e c t o r  c o n ta in in g  th e  t r a n s la t io n a l  p a rt  o f

th e  symmetry o p e r a t io n .

The f i g u r e s  from  REPEAT FOR ANOTHER...............SYMMETRY SPECIES a re

r e p e a te d  f o r  each  o f  th e  qq c a lc u la t io n s .

g o t o  REPEAT CALCULATION.

TERMINATE: Program term in ated .

( A 2 . 3) T ex t o f  th e  program .
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b e g in

r e a l  D ,E ,H H ,a ,b ,c ,th e ta ,A L P H A ,B E T A ,e ta ,e sa ,e sb ,v e r ,

RESA, RESB,OVER, HOLA, HOLB, HOLD,RR,SUM ,xx,EE,SUM 1 J 

i B & S S g  l # 1 # P P » q q * n u n , f  I » f 2 , f 3 , f i t , k , D V , p #q #ni j 

&.EE33C *c2 # c3 f 1 ¡5 ]  #AA,BB(0:4] f S Y ,o ( t  : 3 #j 13J , h #t r

i 1 s33 ;

I n te g e r  p roced u re  fo rm a t( a t r )  j

s t r in g  s t r  J

fo rm a t la y o u t { s t r )  j

p ro ce d u re  A IT K E N (x ,f,n ,xx#PF) •

v a lu e  n j f jx ^ x x  ;

a r r a y  x , f  J

In te g e r  n j

r e a l  xx ,F F  $

b e g in

I n t e g e r  1 , J $

f o r  J  j-  0  s te p  f u n t i l  n - 1  do 

f o r  1  J+1 s te p  i u n t i l  n do

fill ((xx-xtj])xftl)-(xx-x[l])xf[j])/(xfi].x[j]) ,
FF j -  f f n ]  ; 

end AITKEN ;

Erooedure INTE«N°I'(XX,0,TR,L,S»(.K,M,«ngl,,lnt.co.«,co.t,) ,
v a lu e  XX,N,M,L ;

I n t e g e r  N,M j

X X ,D ,L ,T R ,in t,c o sa #co3b ,a n g le ,SYM j

b e g in

r e a l  w,w1 , r 1 , r 2  j 

I n t e g e r  1 , J ,p  ;

arra jr X[ 1 * 3 * U l f  M <  k  then 2xN e l s e  Nj ,a (|  *5 , 1 13) j

I f  M < 4  then

b e g in

f o r  1 1 s te p  1 u n t i l  N do

f o r  J i step . J u n t i l  3 do



begin

angle[i+N ] : «  a n g le [l]  •

XX[J,1+N] -X X [J,1] ;

end l  

N 2xN ;  

end ;

f o r  1 1 step  1 u n t il  N do

f o r  J 1 step 1 u n t il 3 do
begin  w :«* 0 .0  }

f o r  p 1 step  1 u n til 3 do 
w w+XX[p,l]xSYM[p,j] •

X [J ,1 ] w S 

end ;

f o r  1 1 step  J u n t il N do

f o r  J : »  1 step I u n t il  3 do

X[J,1J :•  X[J,1]+TR[J]XL[J] ;

f o r  1 : «  1 step  1 u n t il N do

f o r  j  :*  1 step 1 u n t il  3 do

begin  w : «  0 .0  $

wl 0 .0  ;

f o r  p : »  1 step  1 u n t il 3 do 

begin  w w+XX[p,l]xO[p,Jj • 

w1 : »  w 1+ X [p ,i]xO [p ,j] ;  

end ;

XX[J,1] : »  w ,•

X [ j , i ]  s -  wt j 

end ,

f o r  J : -  1 step  1 u n t il  N do 

begin  f o r  p 1 step  1 u n t il  3 do 

beg in  a ( l ,p ]  : «  X X [p ,lf j  -  i then
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a [2 ,p ]  :=» X X [p ,lf J -  N then 1 e ls e  J + l]-X X [p ,j] ; 
end ; 

w 0 .0  ;

wt :=* 0 .0  j

f o r  p ! »  1 step 1 u n t il  3 do 

begin  w : »  a [1 ,p ]x a [l,p ]+ w  }

wt :** a [2 ,p ]xa [2 ,p ]+ w  1 ;  

end J

r l  sln (an g le [J ])xsqrt(w xw 1) ;

f o r  1 1 step  1 u n t il  N do

begin  f o r  p J step  1 u n t il 3 do

begin  a [3 ,p ]  X [p ,i ]  -X X [p ,j] ;

a [4 ,p ]  : «  X [p , i f  1 -  1 then N e lse  i - 1 ] - X [ p , i ]  •

a (5 * p ]  X [p ,l f  1 -  N then 1 e lse  l+ tJ -X [p ,l ]  J

end ;

w :=• 0 .0  \

wl :■  0 .0  i

f o r  p J- t step t u n t il 3 do 

begin  w w +a[4 ,p]xa[4 ,p ] ;

w l:*w 1+ a[5 ,p ]xa[5 ,p ] ;

end }

r2 sin (angle[i])xsqrt(w xw 1 ) ;

w 0 .0  ;

f o r  p 1 step  1 u n t il  3 do 

w : »  w +a[3#p]xa[3,p] ;

l n t [ l , j ]  sqrt(w ) ;  

w :■  0 ,0  l  

wl 0 .0  j

f o r  p :■ 1 step 1 u n t il  3 do 

begin
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w + a [ 3 , p ] x ( a [ 1 , l f  p « 3 th e n  1 e l s e  p + 1]x  

a [2 , l f  p > 1  th en  p-1  e l s e  3 l - a [ 8 , i f  p -  3 th e n  1 

a [ l > l £  P > 1 th e n  p -1 e l s e  3 ] )  •

wl : = w 1 - a [ 3 , p ] x ( a [ ^ , l f  p -  3 th e n  1 e l s e  p+1 ) x  

a [ 5 * l f  p > t th e n  p-1 e l s e  3 ] -  

a [ 5 > l£  p ■  3 th en  1 e l s e  p + l] x  

a [ 4 , i f  P > 1 th en  p-1  e l s e  3 ] )  $

end 1

c o s a f l , j ]  :■  w / ( r t x i n t [ i , J ] ) 5

c o s b [ l , j ]  w l/ ( r 2x l n t [ l , j ] ) ; 

end 

end

end INTERMOL ;

p r o c e d u r e  a v e c to r (b ^ n m a x ,» v a lu e s )  ;

v a lu e  b«nraax |

r e a l  b j

I n t e g e r  nmax ;

a r r a y  a v a lu e s  5

b e g in

I n t e g e r  m j

a v a l u e s [0 ] :■  e x p ( - b ) / b  5

I f  nmax -  0 th en  g o t o  e x i t  ;

f o r  ra !»  1 s t e p  1 u n t i l  nmax do

a v a lu e s fm ]  a v a l u e s [ 0 ]-»-raxa v a lu e s [ra -1  ]/ b  ;

e x i t  :

en d  a v e c t o r s  J 

p r o c e d u r e  b v e c t o r ( a , n , b )  j  

v a lu e  n , a  j

I n t e g e r  n }



a r r a y  b J

b e g in  r e a l  w ,y,sum 1 ;

I n t e g e r  m , l ,p  ;

i f  a b s (a )  < 1 » - 1 0  then

b e g in  f o r  1  O s te p  1 u n t i l  n do

b [ i ]  : «  I f  ( 1 +2 )x2  -  1  then 2 / ( l + t )

g o t o  e x i t  l

end j

w :** e x p (a )  ;

If a b s (a )  ¿  (n + n /6 +3 ) / 2 . 3  then 

b e g in  y  :** l /w  \ 

b [ü ]  :=  (w -y ) /a  ;

I f  n -  0  then  g o to  e x i t  ;  

f o r  1  : *  1 s te p  1 u n t i l  n do 

b e g in  w -w  ;  

b [ l ]  (w -y + lx b i l - 1  ] ) / a  ;  

end t

p o t o  e x i t  ;  

end ;

1  :*» n ;

sumí : »  ( - 1 )T lx w /a -1 / (a x w )  • 

y  1 / a  ;

ra :*■ 1 $

p  ( - l ) t i  ;

l o o p  :

p -P  ;

y  .*» yxm /a ;

sumí :® sum l+yxwxp-y/w  ;

n ;■  n-1 J
I f  m > 0 then  g o to  lo o p  ; 

b [ i ]  :■» sumí , 

y  :■  l /w  $
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e ls e  0 j
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m : = n-1 }

I f  (n+2)x2 i  n then w :«* -w $ 
for 1 :* m step -1 until 0 do 
begin w :** -w ;
b [i] :»  (w+y+axb[l+l] )/(l+ 1 ) ;
ena

y

e x i t  : 

end bvectors  

open(20) j 

ra read(20) J 

I f  m °  -6  then goto XSGB ;

DV :»  read(2 0 ) ;

open(DV) ; 

pp :■  read(20) 5

N :« read (20 ) j 

mm :» read(20) j 

q :« read(20) ; 

begin  In teger array S (l:N l  

a rra y  an gle,T ,H ,H l£ J:N ],co sa,co sb,R (t:N ,1 ;N],XXX[l : 3 , 1 jN], 

x[0 :pp],PICC,PICN,PINN,PICO,PINO,PI00,PINC,PI0C,Pi0N,P0CCj 

POCN,PONN,POCO,PONO,P000 ,POOC,POON,PONC[0 :pp],PCC,OCC,PCN, 

OCN, PNC, ONC, PNN, ONN, PNO,ONO,PON,OON, POO, 000, PCO,OCO,POC, 
OO C[t:5 , 0 :pp],Nu,HJ,HK[1 :N) ;

y

sw itch  SWITCH :»  r.r.n nm, -----— -------  ,  unw ,  COO,NNN,000 ,  NOO •

procedure INTERPOUTE(x,Fl po p ’

valu e •

In te g e r P ,q ,k  ; 

r e a l  xx,HH ; 

array F l,F 2 ,x  j

l a b e l  EXIT ;
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begin re a l A,F ; 

array x1 ,F3,F**[0:q] )

In teger s , i  ,  

a :<= 0 j  

HH : «  0 .0  i

f o r  1 : »  0 step t u n t il  P-1 do 

begin  i f  ( x [ l ]  'i  xx and xC 1+13 £  xx) 

o r  ( x [ l ]  £  xx and x [l+ 1 ] £  xx) then 

begin

i f  1 £ q /2  and i  < P -q /2  then s l - q /2  e ls e

I f  i  ^ q /2  and i  ^ P -q /2  then s P-q-1  e lse

i f  1 £ q /2  then a :® 0 ;

goto  n jlrg n  $ 

end $

T11 1 :  

end ;  

n jir g n  :

A : »  D ;

f o r  1 : «  0 step  1 u n t il  q do 

begin  x l [ i ]  :=» x [i+ s ] ;

F 3 ti]  := F I[i+ s ] j 

F 4[lJ  : «  F 2[i+s] ;

end ,

AITKEN(x1,F3,q,xx,F) $

HH : »  HH+AxF j 

AITKEN(x1,F4,q,xx,F) ;

HH :*  HH+ExF j

OUT :

goto  EXIT J

end INTERPOLATION ;
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comment N - No of atoms in the molecule.

PP - No of integrals to fed in-1.

Q  - No of molecules to be considered.
MM - Denotes type of interaction 

eg MM = 1 ****C - C only.

MM « 2  ****c -  C,C -  N,N -  N on ly .

MM = 3 ****C - C,C - 0,0 - D only.

m “ 4 ****any combination of C,N and 0 ; 
f o r  i := 1 step J until N  do

begin  H[i] := read(20) •

H l[ i ]  := read(20) ;

H J[i] := read(20) •

HK[i] : »  read(20) ;

S [ l ]  :*  read(20) J 

T [ i  ] : ** read (20) ;

N ufi]:*» read(20) 

end ;

comment H I.H (l) -  Huckle C o e ffic ie n ts  f o r  the h ole  and 
e le c tro n  re sp e c t iv e ly .

HK,HJ(1) -  E lectron  d e n s it ie s  f o r  the h ole  and e le c tro n  
r e s p e c t iv e ly .

S ( i )  -  denotes the type o f  atom i .

C -  1 N * 2 □ »  3

T ( i )  -  Screening parameter f o r  atom i .

N u (i) -  Nuclear charge o f  atom 1 •

f o r  i  * - 1 s t e 2  1 u n t il  ( i f  m < 4 then N/2 e lse  N) do 
f o r  J := 1 step 1 u n t il  3 do 

X X X [j,i]  : »  read(20) •

f o r  1 t s te e  1 u n m  ( I f  m < 4 thenN /S  e lse  N) do 
a n g le ( i3 read(20) •
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f o r  J •’ = 0 step 1 u n til pp do

fo r  1 :=  I ste£  1 un t i l  5 do PCCtl.J] read(20) j

f o r  J :*  0 step  1 u n til pp do

f o r  1 1 s te£  1 a i t a  5 do o c o t l . j ]  read (2 0 ) ,
i f  mm «  1 then goto MISS ;

I f  (nun+2)x2 /  mm and mm < 5 then goto  No N ;  

f o r  J : »  0 step  1 u n til pp do

f o r  1 1 stejo 1 u n t il  5 do P C N [l,j] read(20) ;
f o r  J :*» 0 step  1 u n t il  pp do

f o r  1 : »  1 stejD 1 u n til 5 do OCN fi,j] : «  read(20) j
f o r  J : «  0 step  1 u n til pp do

f o r  i  : «  1 s teg  1 u n t il  5 do P N C [l,j] j -  read(20) j

f o r  J : «  0 step  1 u n t il pp do

f o r  1 1 steE 1 unti l  5 do ON C[i,j] j -  read(20) j
f o r  J :■  0 step  1 u n t il  pp do

f o r  1 1 s te£  1 u n t il 5 do PN N [l,j] j .  read(20) j

f o r  J : »  0 step  1 u n t il pp do

f o r  1 í s te£  1 u n t il 5 do ONN[i,j] j -  read (20 ) ;

No N :

I f  ram «  2  then goto MISS ;  

f o r  J : -  0 step 1 u n t il pp do

f o r  1 1 « te e  I u n t il  5 do PC0[1,J] 1-  read(SO) ,
f o r  J i »  0 step  1 u n t il  ppdo

f o r  1 ! -  I s t £2 1 u n t il  5 do O C O tl.jl ¡ -  read(20) ;
f o r  J :•* 0  step  1 u n t il pp do

f o r  1 ! -  1 «t£ £  1 Until 5 ^  p o e t i , j ]  ¡ .  re,d(SO ) ,

f o r  J :*  0 step  1 u n t il pp do

f o r  1 ! »  t stag  1 u n t il  5  do O O C [l,j] read(SO) ,
f o r  J t m O step  1 u n t il  pp do

f o r  1 1 ate£  1 u n t il  5  do P O O tl.j] . .
J
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f o r  J := 0 step 1 u n til pp do

fo r  1 1 s te£  1 u n t il 5 do O O Q [i,j] „  read (2 0 ) j

I f  (mra+2)x2 4  mm and mm < 5 then goto  MISS j
f o r  J := 0 step 1 u n t il  pp do

f o r  1 : »  t ste£  1 u n t il 5 do PN O (l,j] „ » ¿ ( 2 0 )  ,
f o r  J :*  0 step I u n t il pp do

fo r  1 1 steg  1 unt i l  5 do 0N0 [ l , j ]  read(2 0 ) ;
f o r  J 0 step 1 u n t il  pp do

f o r  1 : «  1 s tgg 1 u n til 5 do P 0 N [i,j]  •« read( 2 0 ) j
f o r  J i « 0  step I u n t il  pp do

f o r  1 i -  1 ste£  1 u n til  5 do 0 0 N (l ,j)  read (20 ) ,
MISS :

f o r  1  0 s teg  1 u n t il  pp do x [ i ]  read (2 0 ) j

Repeat C alcu lation  :
a read (2 0 ) j

I f  a < 0 then goto XSGB ;

b :*» read (2 0 ) j

c read(20) ;

theta  s■ read( 2 0 ) j

e ta  :*  read (2 0 ) j

qq ?■* read(2 0 ) j

RR ?« read(20 ) j

f o r  i  : »  1 step 1 u n t il  5 do

begin  c l t 1] :■ read(20) j

c S [ l ]  read(2 0 ) j

c 3 ( l ]  i -  read(20) •

end ;

f o r  1  0 step  1 u n t il  pp do

begin PICC[1].:- POCC(l) t- PICNtl] PooN[l] PIN0[l,
PONCdJ I- PINNtl] «- PONNCil .-PIOD(l) P000[l]
pxco(i) !- pocofi] pI00[1] Poooai piNo[ij

* "  P0N 0[1] P I0 N [lj j -  Po o n[ i ) :»  0 .0  ;

f o r  J J- 1 step  1 u n t il  5 do
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b e g in

P IC C C l] s - P I C C [ l ] + c l [ j ] x P C C [ j , i ]  ;

POCCCl] :«  P 0 C C [ i] + c 1 [ j] x O C C [ j , i ]  }

I f  mm » 1 th e n  g o to  PASS ;

If(m m +2)x2 ¿  mm and mm < 5 th e n  g o to  NON 2 }

P IC N tlJ  P I C N [ i ] + c l t j ] x P C N [ j , i ]  *

POCN[ 1 ] :*=> P 0 C N [i]+ c l[ j] x 0 C N [ J ,i]  •

P IN C Í1] :=  P I N C [ i] + c 2 [ j] x P N C ( j , i ]  ;

PONC[ 1 ] :»  PONC[ 1 ] + c2 [j]x O N C [ J , i  ] f 

P IN N fl] i -  P I N N [l]+ c 2 [ j] x P N N [j,l]  j  

P0NNÍ1] P O N N [l]+ c 2 (j]x O N N [j,l]  ;

N0N2 :

I f  mm » 2 th e n  g o to  PASS j 

P lC O f i]  P I C O [ l î+ c l[ j] x P C O [ j , i ]  J

PO C O fi] :»  P 0 C 0 [ l]+ c 1 ( jJ x O C O tJ ,1 J }

Pinci1 J P l 0 C [ i ] + c 3 [ j ] x P 0 C t j , i ]  I

PO O C[l] P 0 0 C f l] + c 3 [ jJ x 0 0 C [ j , l ]  ;

P lO O fl]  P I00[ l ] + c 3 [ jJ x P 00[ j , l ]  j 

POOO[iJ :»  P000[ l ] + c 3 l j ] x 000[ j , l ]  j 

I f  (mm+2 )x 2 /  mm and mm < 5 th e n  g o to  PASS } 

PINOCI] P I N 0 [ l] + c 2 [ j] x P N O [ J ,l]  j  

PONOCl] :«  P0N0 [ l ] + c 2 [ j ] x 0N0 [ j , l ]  j  

P IO N fl]  P I 0 N [ l] + c 3 [ j] x P 0 N [ j , i ]  ;

POONfl] P00N[i]+c3[j]x00N[j,i] ;

PASS : 

end j 

end j

f| .*» format(jC28-nd.d¿) ;  

f2 :■ formati[5s-nd.dddddi) ;

f 3 :» f orm at ( C6s-d. ddddd»-ndj[) $

t h  fo r m a t(  C4 snd¿) ¡
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w r i t e  t e x t ( DV,[_[4c6sj[LATTICE*CONSTANTSf2c 1 1 s lA [ t  3 a l

B[ 1 3 s]C £l OajBETA £  10 s]THETA|2c]J[) ;

w r l t e ( D V ,f 2 ,a )  ;

w r it e ( D V , f 2 , b )  ;

w r i t e ( D V , f 2 ,c )  J

w r i t e ( D V , f 2 ,e t a )  j

w r i t e ( D V , f 2 , t h e t a )  ;

w rite text(D V ,£[2c6slAT0MIC*C0- 0RDINATES[2e 1 1b1x[ 13sJ[

YI*  3s j.2£l 1 s ]ANGLE£9s ( i  )£ l0s 2H I( i  )£8s |ELEC*DEN[ 8a £  

T (i)£ 2c2 1 ) ;

f o r  i  :«  1 s t e p  1 u n t i l  N do

fees1 » f o r  J : «  1 step 1 u n til  3 do

i f  m < 4 and i  > N+2 th e n  w r ite (D V ,f2 ,-X X X [ ] )

e l s e  w r i t e ( D V , f 2 ,X X X [ j , i ] ) ;

i f  m < 4 and i  > N+2 then w rite(DV,f 2 , a n g le [N -i+ i] )

e l s e  w r i t e ( D V , f 2 , a n g l e [ i ] ) $

w r i t e ( D V , f 2 , H [ i ] ) j

w r i t e ( D V , f 2 , H I [ i ] ) ;

w r i t e ( D V ,f 2 ,H K [ i ] ) j

w r i t e ( D V , f 2 + 2 ,T [ i ] ) ;

end $

w r i t e  t e x t ( D V , f [ 2 c ] ] )  j 

P •*“  0 5

EE  :■ » c o s  ( t h e t a )  ;

R e p e a t :

p :»  p+1 ;

f o r  i  :«  1 s t e p  1 u n t i l  3 do 

f o r  J 1 s t e p  1 u n t i l  3 do 

S Y [ j , l ]  :»  r e a d (2 0 )  $ 

f o r  i  t s t e p  1 u n t i l  3 do



-  3 0 0  -

fo r  J :« 7 step 7 u n til  3 do 

0 [ J ,1 ] :«* read(20 ) ;

1 1 [ 1 ]  :» a j 

LL[2 ] :» b }

1 1 C 3 3 :■  c |

fo r  1 :« 7 step 7 u n til  3 do 

TR [l] read(20) j

INTERM0L(XXX,0 ,T R ,l l ,S Y ,( l f  m < 4 then N/2 e ls e  N),

m ,a n g le ,R ,c o s a ,c o s b )  ;

SUM1 : “ HOLA ;» HOLB :« HOLO SUM RESA RESB 

OVER tm 0 .0  ;

1 7“  0 l 

Repeat 1 :

1 s -  1+7 ;

j  ¡ “ 0  ;

i f  i  » 1 then begin

w rite  te x t(D V ,[f2c3sllNTERMOLECULAR*RESONANCE*AND*OVERUP

#INTEGRALS*BETWEEN*THE*MOLECULE*AT* 0 *0 ,0*AND[2c 3aJTHE*
MOLECULE*AT#i )  ; 

w rite (D V ,ft,T R [1 ]) ;  

w rite (D V ,f7 ,T R [2 ]) ;

w rite(D V ,f1+2,T R [3]) ; 

end ,

Repeat J :

J i -  J+1 ;

E :» c o s a fJ ,i]x c o s b [J ,i]  j

i f  abs(E) > 1 then

begin

w rite  text ( 30 OVER FLO J ] ) j 

wri te ( 30, f  orma t ( ¿2 sndi ) ,  1 ) • 

wri te ( 30 $ f orma t ( (2sndc2 ) * J ) l 

i f  E > 1 then E .*» 1 e ls e  E : »  - !•



If XX > RR then goto BYE PASS ;
If abe(D) < 1»-10 then k :« 3 else k :■ 2 j 

1 := S[i]xS[j] ;

If 1 » 9 then 1 := 5 $ 

goto SWITCHfl] $

CCC :

INTERPOLATE(x,PICC,POCC ,p p ,xx,k,HH,q,EXIT) j 

CNN :

if Sfj] < Sf1] then

INTERPOLATE( x , PICN,POCN ,pp,xx,k,HH,q,EXIT)

e ls e  INTERPOUTE(x,PINC,PONC,pp,j[x,k,HH,q,EXIT)
COO :

If SfJ] < Sfi] then

INTERPOLATE(x , PICO, POCO, pp, xx, k,HH, q , EXIT) 

e ls e  INTERPOLATE( x , PIOC, POOC, pp, xx, k,HH,q, EXIT) 
NNN :

INTERPOLATE(x , PINN,PONN ,pp,xx,k,HH,q,EXIT) $

OOO !

INTERPOLATE(x,PIOO,POOO,pp,x x ,k ,HH,q ,EXIT) f 

NOO :

I f  SfJ]  < S f i ]  then

INTERPOLATE(x,PINO,PONO,pp,xx,k,HH,q,EXIT) 

ejUe INTERPOLATE(x,PION,POON»PP,xx,k,HH,q ,EXIT) 

EXIT :

SUM :« HHxH[l]xH[j]xHJ[j]+sUM ;

SUM1 :« SUM1+HI[i]xHI[j]xHK[j]xHH ;

ALPHA :** (T [l]+ T [j3  )xxx/2  $

BETA (T [j 3 »T [1 ])xxx/2  ;
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avector(ALPHA,4,AA) j 

bvector(BETA,4,BB) •

eaa  (xxxxxxT[l]xTt j ]  )T 2 .5x( ( (AA[3 ]-AAfl ] )x(BBtO]-BB[2])

-(AA[2]-AA[0))x(BB[l]-BB[3)))xD +2xEx(AAfl]xBBt0j-AAt3]xBB[2]
-AA[0 ]xBB[1]+AA[2 ]xBB[3]))/ (l6 x x x )  j

ea b  (xxxxxxT[l]xT[ j ]  )T 2.5x ((  (AA[3]-AA[l ] )x(BBtO]-BBt2 ] )

+ (AA[2 ]-AA[0 ] )x(BB[ J ]-BB[3] ) )xBf2xEx(AA[ 1 ]XBB[0]-AA[3]XBBC2] 

+AA [ 0 ] XBB11] -AA [ 2 ] XBB [ 3 ] ) ) / ( 16xxx ) •

v e r  (xxX xxX T [i)xT [ j ]  ) t 2 .5 x ( (  (AA[J|]-AA[2 ) )xB B t01-(A A t4]

-A A [0 ] )XBB[2 ] + (AA[2 ]-A A [0 ] )xB B U ] )xDf.Ex2x(AA[2]XBB[0]-AA( 

^ ]xB B [2]-A A [0]xB B [2 ]+A A [2 ]xB B [4J ) ) / 3 2  .

RESA :=  RESA+H [i]xH [J]xN u[J]xesa •

RESB RESB+H[i]xHf J ] x N u [i] Xesb ;

OVER : = OVER+H [ i  ] XH [ J ] xver ,•

HOLA : «  HOLA+HI[l]xHl[J]xNu[Jjxesa j 

HOLB : «  HOLB+HI[ i ] xHI[ j ] XNu[i]xesb ;

HOLO :«= HOLQ+HI [ i ] xHI [ J ] xver J 

BYEPASS :

I f  J < N then g o to  R epeat J ; 

i f  i  < N then g o to  R epeat 1 ;  

w r it e  t e x t ( D V , 7s¿ELECTRONM2sj[H0LE[ 2 c j j [ ) ;

w r it e  t e x t (D V ,n .33lGAMMAt3» 2 i )  , w r ite (D V ,f3 ,s «M ) j  

w r ite (D V ,f3 ,S U M t) ;

SUM : »  2 7 . 2 1  X S W ;

SUM1:*  27.2IXSUM1;

w r i t e ( 3 0 , f 3 , SUM);

w r i t e ( 3 0 , f 3 + 2 ,SUM!) ;

w r it e  t e x t  ( DV, JJ^sJ^RESA [4 s 2 2 ) ;

w rite (D V ,f3 ,R E S A ) ;

w rite (D V ,f3 ,H 0L A ) •

RESA : »  27.2txRESAj 

HOLA : »  2 7 .2 1 XHOLA;
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wri t e (DV,f3 ,RESA)$ 

w r ite (DV,f3, HOLA) j 

w r ite (DV,f3 , SUM-RESA) ;  

w rit e (DV,f3+2,SUM1-HOLA) ;  

w rite tex t (DV,[_[33lRESB[ ila] ] ) j 

write(DV,f3,RESB) J 

w r ite ( DV,f3 iHOLB) ;

RESB :« 27.21XRESBj 

HOLB l■ 27.21XHOLBj 

write(DV,f3,RESB)j  

write(DV,f3+2,HOLB)$ 

write(DV,f3,SUM-RESB)$ 

write(DV,f3+2,SUM1-HOLB)j 

write text(DV,JJ^s]OVERLAPj[) j 

write(DV,f3,OVER) ; 

write(DV,f3+2,HOLO) j 

1 : «  0 $

i f  p < qq then goto Repeat } 

goto  Repeat C alcu lation  j 

end ;

XSGB : 

c lo s e (2 0 )  ; 

close(D V ) $ 

end PROGRAM
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Appendix(3)

C a lc u la t io n  o f  th e  Energy band s tr u c tu r e  and th e  

e lem en ts  o f  th e  m o b i l i t y  te n s o r  in  b o th  th e  B loch  

and l o c a l i z e d  r e p r e s e n ta t io n s .

(A 3 .1 ) G en era l.

(A 3 .2 )  C o n stru ctio n  o f  th e  data  ta p e .

( i )  The data ta p e  f o r  th e  f i r s t  program .

( i i )  The data ta p e  f o r  th e  secon d  program . 

(A 3 .3 ) The t e x t  o f  th e  program s.



-  305 -

(A3«1 ) General«

In  t h i s  appendix  two com puter program s a re  g iv e n  w hich 

h ave  t e e n  used  t o  c a lc u la t e  th e  com ponents o f  th e  m o t i l i t y  

t e n s o r  i n  o r g a n ic  m o le cu la r  c r y s t a l s  h av in g  m o n o c lin ic  

s t r u c t u r e s ,  space group  w ith  two m o le cu le s  p e r  u n it

c e l l .  The f i r s t ,  i n  KDF9 A lg o l ,  c a lc u la t e s  th e  en ergy  hand 

s t r u c t u r e  and c a r r i e r  m o b i l i t i e s ,  in  b o th  th e  mean f r e e  tim e 

and f r e e  pa th  a p p rox im a tion s , from  param eters in p u t  a s  d a ta . 

S e v e r a l a l t e r n a t iv e  program s have been  d e v e lo p e d  f o r  m o le c u le s  

h a v in g  d i f f e r e n t  space  g rou p s, e g . phenanthrene, and f o r  th e  

c a s e  where th e  m o le cu la r  en ergy  l e v e l s  g iv in g  r i s e  to  th e  en ergy  

ban ds a r e  d e g e n e ra te .

The ou tp u t from  th e  program  c o n s is t s  o f  th e  energy  band 

s t r u c t u r e  a lo n g  th e  th r e e  c r y s t a l lo g r a p h ic  a x es  and th e  

com ponents o f  th e  m o b i l i t y  t e n s o r  w ith  r e s p e c t  t o  t h is  system  

an d  a l s o  an o r th o g o n a l system  d e f in e d  b y  th e  v e c to r s  a ,b  and 

a x b . T h is  program  can a l s o  b e  u sed  t o  c a lc u la t e  th e  components 

o f  th e  m o b i l i t y  te n s o r  w ith in  th e  G la e s e r  and B erry  scheme, 

h ow ev er  th e  r e s u lt s  q u oted  in  t h is  t h e s is  were o b ta in e d  u s in g  

t h e  secon d  program . T h is  program , w r it te n  in  903 A lg o l ,  c a l c u la t e s  

t h e  com ponents o f  th e  m o b i l i t y  t e n s o r  in  th e  l o c a l i z e d  r e p r e n t -  

a t i o n  u s in g  b o th  th e  G la e s e r  and B erry  and G osar and C hoi m od e ls . 

As w ith  th e  f i r s t  program  s e v e r a l  a l t e r n a t iv e  program s 

h a v e  b een  w r it te n  f o r  d i f f e r e n t  sp a ce  g ro u p s . An exam ple 

o f  th e  ou tp u t from  t h is  program  I s  g iv e n  i n  s e c t io n (& p 4 H ) .

^^3 . 2 ) Constuction o f  th e  data  ta p e .

(A3*2 . i )  Data tape fo r  the f i r s t  program.

A The v ib r a t io n a l  o v e r la p  f a c t o r .

s

r

q The number of points for the integration over ki. 

The number of points for the integration over kj. 

The number of points for the integration over kj.
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h o le An i n t e g e r  = 1 f o r  h o le  an d a n y  o t h e r  number f o r  

a  e l e c t r o n .

E2 ** El 4 The t r a n s f e r  i n t e g r a l s ( s e e  f i g ( 3 . 1 ) ) .

n The num ber o f  p o i n t s  u s e d  i n  t h e  band s t r u c t u r e  

p l o t .

Temp The te m p e r a tu r e .

a a

bb

c c The c r y s t a l  p a r a m e te r s .

a lp h a U s u a lly  90 •

b e t a

gamma U s u a l ly  90 •

n i An i n t e g e r  *= 1 f o r  c a l c u l a t i o n s  on th e  band 

m odel o n ly ,  -  2 f o r  c a l c u l a t i o n s  on  th e  h o p p in g  

m odel o n ly  and a n y  o t h e r  num ber f o r  b o th .

To te r m in a te  th e program  s e t  E2 > 1 »8 .

( A 3 . 2 . Ì Ì Ì )  D ata ta p e  f o r  t h e  se co n d  p rogram .

T [ i ] The t r a n s f e r  i n t e g r a l s  E2, E3, E4, E5, E6 , E9 an d  E10.

A

B The c r y s t a l  p a r a m e te r s .

C

BETA

te m p The te m p e r a tu r e .

The p o l a r i z a t i o n  f a c t o r .

The phonon i n t e r a c t i o n  f a c t o r .



(

begin
real E2,E3,E4,E5,E6,E7,E8,E9,E10,E11,E12,E13,El4,temp,A,B,C,D,E, 
FiGjHjalphajgammajaajbbjCCjbetajSuml,sum2 $
Integer eveni,evenj,evenk,r,s,p,q,m,n,ni,nJ,nk,u,v,f 1 ,f2,f3, 
f4,hole ;

array o,mu,vec[1 :3  ̂1 .*3] >val[1 :3] #band[l : 3 ] >

Integer procedure format(str) J.
string str ;

format := layout(str) $

Insert eigenvectors:

open(2 0 ) \

open (30) ;

repeat :
A := read(20) $
q := read(2 0 ) ;
r := read(2 0 ) ;
s := read(2 0 ) ;
h ole := read(2 0 ) ]

E2 := read(20)x1®-4xA $
If E2 > 998 then goto LLL }

E3 2« read(2 0 )x1 ®-4xA ;
E4 := read(20)x1®-4xA ;

E3 2« read(20)x1 ®-4xA j 
E6 := read(20)x1®-4xA ;

E7 2“ read(2 0 )x1 »-4xA \

E8 := read(2 0 )x1®-4xA $
E9 i“ read(2 0 )x1 ®-4xA \

El 0:= read(20)xl®-4xA ;
Ell:* read(20)x1®-4xA ;

El 2:= read(20)x1»-4xA ;
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E 1 3 :»  r e a d (2 0 )x1» -4 xA  5

E l 4 : »  r e a d ( 20 )x l» -4 x A  $ 

n  :*= r e a d ( 20 ) j 

tem p :*» r e a d  ( 20) j  

a a  :*» r e a d (20 ) ;

b b  :** r e a d ( 20 ) $

c c  :=  r e a d ( 20 ) $

a lp h a :*»  r e a d ( 20 ) j  

b e t a  :*» r e a d ( 20 ) 5 

gamma:*» r e a d ( 20 ) ;

n l  :*» r e a d ( 20) j

f o r  p :»  1 s t e p  1 u n t i l  3 do

f o r  v  :»  1 s t e p  1 u n t i l  3 do

o [ p , v ]  :*» 0.0  ;

evml (c o s(a lp h a )x o o a (e a m m a )-c o B ( beta ) ) / ( e i n( a lp h a  )x s  In (gamma ) ) j
o [ 1, 1] :» sin(gamma) ; 

of 1,33 »*“ -s  in (alpha )xsuml ; 

o [ 2 ,1 ]  :*■  cos (gamma) y 

o [ 2 , 2 ]  :*» 1 ;

o[2,33 J" cos(alpha) $

of3,33 s i n (alpha) x s q r t(1 - s u m 1 x s u m l) ;

i f  , n i  « t th e n  g o to  Band o n ly  j  

b e g in

arra£ tr[1 ¡7,1¡3],tor,t[lt7j,nu[1¡3,1 ,3) ;
i n t e g e r  a r r a y  w [I : 7 l  ;

s w it c h  sw : -  L 2 , L 3 , L 4 , L 5 , L 6 , L 7 , L 8  ;

i n t e g e r

t i l ]  E2 j

t (2 ]  : «  E3 ;

t [ 3 J  * - E4
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t [ 4 ] E5 j 

t l 5 ) s- E6 $ 

t[6 ] :» E9 ;

tC 71 E10 j

auml :« 1ÜÜÜ0/A ; 

fo r  u :« 1 step  1 u n til  7 do 

t[u ] :« tfujxsuml } 

fo r  u î -  1 step  Î u n til  7 do

f o r  v 1 step  1 u n til  3 do

x [ u , v ]  : »  Ü.Ü ;

X[3,1] •™ X[l,1 ] :« cos(beta)xccJ 

X [3 ,2 ] X [ 2 , 2 ]  bbj

X[5#13 •“ aa+X[l,1]j 

X[6,1] i- O.Sxaa;

X [6 ,2 ] :** X[7*2] : «  0.5xbb$

X [7 * 1 ] 0 .5 x a a + X [1 ,1 ]|

X[1,3] XC3 . 3] :•= Xf5,3l X[7 , 3 ] :»

w í i ]  •*“  w[2] : »  w[4] s» w[5] s - 2 ¡

w(3 l w[6] î** w[7] :*» U •

f o r  p 1 s te p  1 u n t i l  7  do

tip] :» abs(t[p])/J0 .3 3 7 6 ¡

sumí :■  0 .0  j

f o r  p 1 s te p  1 u n t i l  7  do 

sumí sum1 + t [p jx w [p ]  ;  

f o r  p : «  1 s te p  1 u n t i l  7  do 

t o r i p ]  : »  t [p ]x w fp ] /s u m 1 ;  

sum2 î«  0 .0  ;

f o r  p : »  1 s t e p  1 u n t i l  7  do 

sum2  :«* sum2+ t o r [ p ] x t [ p ]  $ 

f o r  p : «  1 s te p  1 u n t i l  3  do 

f o r  u î »  p s te p  1 u n t i l  3  do 
b e g in

ccxsin(beta)j
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suml :■  0.0 i  

f o r  v 1 step  1 u n til  7 do

sural su m !+ tor[v]xx[v,u]xx[v,p] j.

mu[p,u] s- muf u, p]  sum2xsum1/(i .723312xtemp) ; 

end l

f 1  :« form at(£3s-ndd.ddd]J j 

f2  form at([3sndj[) \

w rite  t e x t ( 3O,££pc482JUMP*I’R0BABII,ITIES*AND*JUMP*FREQUENCIES

•BETWEEN* THE* MOLECULE*AT* ( 0 ,0 ,0  )*Am>*NEAH.NEI0HB0URSr2 c 3 s l  

M0L£4slT0R(I)£53l1/T(I)£8cJ2) 5 1
f o r  u 1 step  1 u n til  7  do

begin

w r i t e ( 3U#f2 ,u )  ;  

w r i t e ( 3 0 , f i , t o r [ u ] ) ;

w r lt e (3 U > f1 + 2 ,t [u ] ) ;

end  ;

suml :» 0.0 j

f o r  p :» 1 step  1 u n til  7 do 

suml J** sum1+t[p] j

w rite  t e x t ( 30 , sjAVERAGE*JUMP*PREQUENCYj[) • 

w rite  ( 3U ,f 1 ,sum t/7) ; 

w rite  t e x t ( 30 ,££2c4sJ[NO*OP*JUMPsj[) • 

w r lt e ( 3U#f1+2 ,sum2 ) $

w rite  text(30,[X4siMOBILlTY*TENSOR£2cJ2) ,* 
f o r  u :=• 1 step  1 u n til  3 do 

f o r  v :» 1 ste p  1 u n til  3 do 

w r it e ( 3 0 ,i f  v  -  3 then fl+ 2  e ls e  ft,m u [u ,v ])  j

w rite  t e x t ( 30 ,££4s2EIGENVALUES*OP*MQBILlTY*TENSOR(2c2 2 )
elgen vecto rs(m u ,3 i 3,v a l,v e c )  ;

£ 2 £  P * -  1 5¿SB 1 u n t i l  3  do 
w r i t e ( 3 U > f l# v a l [p ] ) •
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w r it e  te x t (3 0 ,£ [2 c 4 s ]R A T I0 S i) ,-  

w r i t e  ( 3 0 , f  1 ,m u[l , 1 ] /m u [2 , 2 ] ) ;  

w r l t e (3 0 ,f1 + 2 ,m u [3 i3 ] /m u [2 ,2 ] );

w r i t e  t e x t (3 ° > I X 2 c ^sl EIGENVECT0RS*0F*THE*M0BILITY*TENS0R[2c

4 s X D lR E C T I0 N * C 0 S IN E S £ 2 c j^ ) ;
f o r  u  :*= 1 s te p  1 u n t i l  3 do

f o r  v  : «  1 s te p  1 u n t i l  3 do

w r i t e ( 3 ^ > i£  v  *» 3 then f l +2 e l s e  f l j v e c C u j v ] )  $

w r i t e  t e x t (3 0 » f [ ^ s 1ANGLES[ 2c ] ] )  j

f o r  u  :*=• 1 s t e p  1 u n t i l  3 do

f o r  v  :=  1 s te p  1 u n t i l  3 do

w r i t e ( 3 0 , i f  v  -  3 then f l +2 e l s e  f  1 ,

a r c t a n ( s q r t ( a b s ( 1 - v e c [ u ,v ] T 2 ) ) / v e c [ u ,v ] ) x 5 7 .29577951) $

w r ite  t e x t ( 30<[ Cp ] 3) j

e n d  C a l c u l a t i o n  o f  m o b i l i t y  t e n s o r  and  p r i n c i p l e  axes 

o f  t h  m o b i l i t y  t e n s o r  b y  the h o p p in g  m odel ;

Band o n ly  :
i f  n i  -  2 then  g o to  Hop o n ly  } 

b e g in

r e a l  x i , x j , x k ,x 1 ,x 2 ,x 3 , x A ,y 1 ,y 2 ,y 3 ,y 4 , z 1 , z 2 , z 3 , z 4 ,g r i d i , g r i d j ,  

g r i d k i U i ^ J i U k i l i i l J i l k i E p i E m i k i i k J i k k i S T E P i E A ^ E ^ P L I T A i E B i B E ,  

SPLITBiEC^CEiSPLITC^I/Ji KA#KBJKCi KA2i KB2|K3B2|Emax*path $

a r r a y , sum ,sum i,sum j,sum k[l : 6 , 1 : 6 ] ,d E p [l s3 ],d E m [1 :3 ] ;

Emax i"  0.0 >
f 3  :** fo r m a t ( ¿ 2 sd .d d d 2 ) >

f 4  :«* fo rm a tij^ s -d .d d d d ]^ ) ;

„ r i t e  te x t(3 0 ,C ip 2 c ]E X C E S S * p  • 

i f  h o l e  -  1 then  w r ite  t e x t ( 3 0 ,¿HOLE]) 

e l s e  w r it e  text(30,J!ELECTRON2) ;

w ri t e  text(30,[J>iBAND*AND*BAND*SFLITTINGS*IN*THE* 

IffVERSE*A>B*AND*C*DIRECTI0NSj’ 2c1 5 s2POSITIVE**NEGATIVE
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£ 1 4s]P0SITrVE**NEGATlVE£l 4s]POSITIVE**NEGATIVE[2c8s£

* » l A i l  1 s l A 1 6 s i S P L I T T I N G £ 5 s £ B £ l  1 s 2 .B £ 6 s  ̂ S P L I T T I N G [  

5 s i c £ U s l c £ 6 s £ S P L I T T I N G £ 2 c J 2 )  j
A  2 x ( E 2 + E 3 + 2 x E 4 )  ;

B  : «  2 x { E 5 + E 6 + 2 x E 7 + 2 x E 8 + E 1 2 + 2 X E 1 3 )  ;
C : »  4x (E9*E10+E11+E14) ;

D  2 x (  E 2 + E 5 + E 6 + E 1  2  )  ;

E  2 x ( E 3 + 2 x E 4 + 2 x E 7 + 2 X E 8 + 2 x E 1 3 )  •
F  4 x ( E 9 + E 1 0 + E 1 1 )  j

0 i -  2x (E3+E5+2xE7+2XE9) ;

H  : »  2 x ( E 2 + 2 x E 4 + E 6 + 2 x E 8 + E 1 2 + 2 x E 1 3 + 2 x ( E 1 0 + E 1 1 + E 1 4 ) )  j
1 i -  2x (E3+E5+2xE7-2xE9) ;  *

J  : »  2 x ( E 2 + 2 x E 4 + E 6 + 2 x E 8 + E ) 2 + 2 x E I 3 - 2 x ( E t O + E l 1+ E 1 4 ) )  ;  
g r i d i  3 .1 4 1 5 9 2 6 5 3 6 / n  j

£ 2  f o r m a t ( £ 4 s - d . d d d d » - n d £ )  j

n :■ -1 >

f o r  STEP i -  0 .0  step  g r ld i  u n t il  3.142 do 

beg in  n : «  n-fI j  

KA : »  KB .*« KC : »  STEP $ 

w rlte (30 ,f4 ,S T E P ) ;

KA2 :»  KA/2 j  

KB2 :«  KB/2 ;

K 3 B 2 :»  KBX3/2 j  '

EA :«  A+Bxcos (KA )+ C xcos ( KA2) •

A E  A + B x c o s ( K A ) - C x c o s ( K A 2 )  •
S P L I T A  E A - A E  j  

I f  n ■  0 then 

begin  xJ : «  E A  ;

x 2 i -  AB ;

end >
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w r it e  ( S ^ j f ^ A E )  5

w r it e  SPLITA) ;

EB DfEXcoa( K B)+Fxcos( K B2)+4xE14xcos( K3B2) ;

BE : *  D +Excos(K B)-Fxcos(K B 2 ) - 4 xE l4 x co s (K 3B2 ) 3

SPLITB : »  EB-BE 3

i f  n «  0  then

b e g in  y l  x -  EB ;

y 2  ! B BE t

end i

w r it e (3 0 ,fA ,E B )  5 

w r it e (3 0 ,f^ ,B E )  3 
w r i t e (  3 0 , ^ ,  SPLITB) 3  

E C  G+HXcos(KC) 3  

CE * *  H -JXcos(KC) 3 
SPLITC :«  EC-CE 3  

I f  n -  0 then 

b e g in  z l  :*  EC J 

z 2  *■* CE j  

en d  j

write(3y»f^#EC) j

w r l t e ( 30^ , C E )  5

w rite (3 0 ,f4 + 2 ,S P L IT C ) j  

end j

X 1 s -  a b s (E A -x l) l 

x 2  :® a b s (A E -x 2 ) 5 

y l  ?* a b s (E B -y l)  3  

y 2  a b s (B E -y 2 ) $ 

z i : «  a b s (E C -z 1 ) 3
z2 : «  a b s (C E -z2 ) 3

b a n d [1 ] : 0  i £  x l > x2  then  x l e l s e  x2 j  

t>and[2 ] : »  i f  y l > y2  then y l e l s e  y 2 j
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bandf3] :=* i f  zl > z2 then zl e lse  z2

w r it e  t e x t (  3^#<[{2c2sjBANDWIDTHj>) •

w r i t e ( 3 0 , f U , x l ) ;

w rite  (3 0 ,f4 ,x 2 )  ;

w r ite  te x t(3 °» lX l 1 s jj[)  ;

w r ite ( 30 , f U , y 1 ) ;

w r ite (3 0 ,f4 ,y 2 )  $

w r ite  te x t (3 0 i£ [t ts J 2 ) \

w r ite (3 0 * f4 ,z 1 ) $

w r ite (3 0 ,f4 + 2 ,z 2 ) ;

w rite  t e x t (30 ,££pJJ) •

u i  3 .1 iM5926536/aa ;

l i  -u i  $

g r id i  2xu i/q  j

u i  :•  u i+ g r id i/1 0  ;

u j  3» 1^15926536/bb ;

1 J - u j  5

g r i d j  :® 2 x u j/r  $

u j  u J+ grid j/10  j

uk 3 » 1^15926536/00  ;

l k  -u k  j

g r id k  :» 2xuk/s j  

uk :» uk+gridk/lO ; 

n i  !■  -1  >

temp 8 . 6 1260» -  5xtemp j

e v e n l :«* 1 ;

f o r  p : »  1 step  1 u n t il  6 do 

f o r  v : »  p step  1 u n t il  6 do 

su m ifp jv ] : «  sum i[v,p] *» 0 ,0  .

f o r  k i l i  s te£  g r id i  u n t il  u i do 
beg in

n i  : »  ni+1 ;
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x l  : *  k i x a a  j  

x l  c o s ( x i )  ;  

x 2  :«  s i n ( x i )  $ 

x 3  J* c o s ( x i / 2 ) ;  

x 4  s l n ( x i / 2 ) ;  

n j  -1  ;

e v e n  J :*» I j

f o r  p  :«  t 3t e p  1 u n t i l  6 do 

f o r  u  :»  p  s t e p  J u n t i l  6 do 

s u m j[ p ,u ]  := s u ra j[u ,p ]  0 .0  j  

f o r  k j  .*» 1 J s t e p  g r i d j  u n t i l  u j  do 

b e g i n  n j  n j+ t $ 

x j  **- kjxbb ;  

y t  c o s ( x j )  $ 

y 2  s -  s i n ( x j )  l  

y 3  i«  c o s ( x j / 2 ) ;  

y 4  s i n ( x j / 2 ) j  

n k  : «  -1  ;

e v e n k  :** 1 $

f o r  p  * -  1 s t e p  1 u n t i l  6 do 

f o r  u  :»  p  s t e p  1 u n t i l  6 do 

s v m k [p ,u ]  su rn kiu ,p} 0 .0  *

f o r  k k  l k  s t e g  g r i d k  u n t i l  u k  do 

b e g i n  n k  :«  n k f)  ;  

x k  i** k k x c c  j  

z  1 c o s ( x k )  ;  

z 2  * -  s l n ( x k )  ;

E p  E g x z 1 « 3 x y  1 ^ X S k x y I x z  1 +E 5 x* t +E6 x ( z l x x 1- z S x * 2 )

+ 2 x E 7 x x ix y  I + S x E 8 x ( x 1 x y tx z l- x S x y t  x z 2 )

+2XE9x x 3>v 3+2xE, ° x ( 2 l  X x 3 > q r 3 - .x ^ jQ r 3 x z 2  )* 2x ej 4 x ( y  1 > ^ 3 - y 2 x y 4  ) x  
( x 3 x z l - x 4 x z 2 )  ;
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Era Ep-4xE9xx3xy3-4xE10x(2lxx3xy3-x4xy3X22)-4xEl4x

(y1 x y 3 -y 2 x y 1i)x (x3 x zl-x b x z2 ) ;

Ep :* 2xEp ;

Em :» 2XEm $ 

if hole “ 1 then 

begin

Ep :*■ Emax-Ep j 

Em :“ Emax-Em 

end ^

dEp[ 1 ] :«  2x a a x (-E5x x2-E6x ( z lX x 2 + z 2 x x l)

- 2 x E 7 x x 2 x y l-2xE8x(x2xyl x z 1 + x 1 x y 1 x z 2  )-E 9 x x 4 x y 3 -E 10 x  

( z1xx4xy3+-x3>Qr3 x z 2 )-E l 4 x ( y i  X y 3 -y 2 > q r4 )x (x 4 x zt-x 3 x z 2 ) ) x l  » -8 j 

dEmtt] dEp[I ] + 4 x a a x (E 9 x x 4 x y 3 + E l0 x (z lX x 4 x y 3 + x 3 x y 3 x z2 )

+El4x(y1xy3-y2xy4)x(x4xz1-x3xz2))x1»-8 ;
dEp[2) i- 2xbbx(-E3>v2-2xE4xy2xzI-2xE7xxt xy2-2xE8x{xl XfSxz 1 

-X2xy2xz2 )-E9xx3xy4-E10x(z1 Xx3xy4-x4xy4xz2 )-1.5xE14x( y2xy3+ 

yl xy4 )x(x3xz1 -x4xz2) )x1 »-8|

dEm[2] :« dEp[2]+4xbbx(E9xx3xyiM.E10x(z1Xx3xy4.x4)^4xz2)+! ,5x

El4x(y2xy3+y1xy4)x(x3xz1-x4xz2))x1»-8;

dEp[3l i- 2xccx(-E2xz2-2xE4xy1Xz2-E6x (z2x x 1+z1x x 2 )«2xE8x(

x1xy1xz2+x2xy1xz1 )-2 xE 10 x(z2 xx3 xy3 + oc4 xy3 xzl ) - 2 x E l4 x ( y ix y 3 -

y2 xy4 )x( x3xz2+x4xzt) )x1 »*8 •,

dEm f3] s -  d E p [3 )+ 8 x (E lO x (z2 x x 3 x y 3 + x 4 x y 3 x z1  ) + E l4 x ( y ix y 3 - y 2 x y 4 ) x

(x3xz2+x4xz t))xccxt » -8 $

z3 :« exp(-Ep/temp) j

z4 exp(-Em/temp) ;

suin[4,1] :« z3+z4 $

for u :« 1 step 1 until 3 do

for v :■ u step 1 until 3 do

S u » [ u ,v ]  su m [v ,u ] d E p (u]xd E p[v3xz3+ d E m tu]xd E m tvJxz4  .

path s* 0 ,0  l 9

for u 1 step 1 until 3 do
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path := path+abs(dEp[u]) ;

z 3 z3/path ;

p a th  0 .0  j

for u :» 1 step 1 until 3 do 

path path+abs(dEm[u]) ;

z4 :» z4/path ; 

for u 4 step J until 6 do 

for v s- u step 1 until 6 do

eumfu.vj sumtv.u] dEp[u-31*lEP tv-3]xz3+dEmtu.
if nk - q then evenk :■ 1 •

for u 1 step t until 3 do 

f o r  v u step 1 until 4 do

Bvmk[u,vl := sumk[v,u] sumkru.v]+evenkxsum[v,u]
for u 4 step 1 until 6 do

fo£ v *" u -steP 1 until 6 do

.uBktu.v] sumktv.u] sumkfu.vl+evenkxsumtv.u]

If evenk - I or evenk - 4 then evenk 2 else evenk 

end Calculation of elements for Integration over kjj 
if nj ■ r then evenj :» j •

for u 1 step 1 until 3 do 

f o r  v u step 1 until 4 do

sumj[u,v] sumjfv.u] sumktu,v]xevenj+sumj[u,v)j
f o r  u :■ 4 step 1 until 6 do 

f o r  v s- u step ! until 6 do

sumjfu.v] sumjfv.uj sumktu,v]xevenj+sumj[u,v]j

If evenj - t or evenj - 4 then evenj 2 ^  evenJ ,

end Calculation of elements for Integration over kl j 
If nl - s then evenl :«■ I •

for u t step 1 until 3 do

f o r  v :«* u step I until 4 do

sumitu.v] sumltv.u] sumjtu,v]xevenl+suml[u,vh
for u :» 4 step 1 until 6 do ■ *

3]xdEm[

4j
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f o r  v := u ste p  1 u n til  6 do

sumlCujv] ««nttv.uj su^jfu.vjxeveni+a^lfu.v] 5

I f  event -  1 or even! -  4 then event 2 e ls e  event 4j 

end In te g ra tio n  over k l 3 

f o r  u :«  1 step  1 u n til  3 do

f o r  v :»  1 step  1 u n til  3 do

eum itu,v] ì » sum i[u,v]/(sum l[4 , 1]x4 . 32648» -2 ! )  ;

f o r  u 4 s te p  I u n til  6 do

f o r  v 4 step  1 u n til  6 do

sum i[u,v] •*« sum iCu,v]/(sum li4 , l ] x 6 . 58U 22» . n )  }

write text(3ü,£[t3lCOHPONENTS.Op.THE*MQBILm*TENSQR.W.H.T. 
.THE*ORYSTALOORAPHIC*AXES*rH.THE.MEAN‘ PREB*TXME»APPRQxiW TX

O N f.2cii) ;

f o r  u :«  1 step  1 until 3 do

f o r  v  .*• 1 step  1 u n til  3 do

w r i t e (30 , I f  v -  3  then f2+2 e ls e  f 2 ,su m l[u ,v ]) ;

M ilte  t e x t ( 3ü , ß 4elCGMPQNENTS«OP»THE*MOBILm.TENSQR.K.R.T . 

*ORTHOGQNAI,*AXES»IN.THE*«EAM*PREE«TIME«APPBOXI«ATIONi_2cü ) '  ,

f o r  u :«  l ste p  1 u n til  3 do

f o r  v 1 ste p  1 u n til  3 do

b e g in

sural : *  0 .0  ;

f o r  r  :«  1 ste p  1 u n til  3 do

f o r  p 1 step  1 u n til  3 do

sural .*« suml+o[v,p]xofu,r]xsuml[p,r ];

m u[u,v] :«* sural3

write(30,lf v - 3 then f2+2 else f2,mu[u,v] ) ;

end ;

w r it e  t e x t ( 30 ,f£ 2c4s](RATlOSj[); 

w rlte (3 0 |f2 ,m u [1 , 7 ]/m u(2,2]);  

w r l t e ( 30 j.f2+2 ,rau[3 j 3]/muf2 , 2 ] );
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w r i t e  t e x t C30,££4siLOWER*LIMITS*OP*THE*CQMPONENTS*^^t

MOBILITY* TENSOR* ALONG*THE*ORTHOGONAL*AXES [ 2c  ) ;

f o r  u :«= 1 s te p  1 u n t i l  3 do

w r i t e ( 3 ° # i f  u ■ * 3 then f2+2 e l s e  f2  t* _  r ,------  2,± ^ £ l xau ^ ^ ]/ (b a n d tu ]x te « lp ) ) |

t& n d [ 1 ] *a  a s f 

b an d [2] :»  bb$ 

b a n d i3J •*“  c c j

w r i t e  t e Xt ( 30, [ i 43lEICENVAU®S*0P»THE«M0B U ,m .T E N S0R£2c l l ) j

e ig e n v e c to r s (m u ,3i 3* v a l ,v e c ) j  

f o r  u :*» 1 s te p  1 u n t i l  3 do 

w r i t e ( 30 , f 2 , v a l [ u j ) ;

w r i t e  t e x t f 30, iX 2c t SiEIOENVECTORS*OP*THE»MaBrLm.TEMSOnr2 c -

4 sJ[DIRECTI0N*C0SINES£2ci]) ;

f o r  u :«  t s te p  I u n t i l  3 do

f o r  v  1 s te p  1 u n t i l  3 do

w r i t e ( 3 0 , l f  v  « 3 then f2+2 e ls e  f2 ,v e c ( u ,v ] >  ;

w r i t e  t e x t ( 30,J X ^ 2ANGLESi£2cJ2 ) J

f o r  u 1 s te p  1 u n t i l  3 do

f o r  v  :*» 1 s te p  I u n t i l  3 'do

w r i t e ( ^ i , i f  v  » 3 then f2+2 e l s e  f 2 ,

a r e t a n ( e q r t(a b 3( 1 - v e c [ u ,v ] t 2 ) ) / v e c [u > v])x57.2 9 5 7 7 9 5 ,)  .

w r i t e  t “ t ( 30, i t p 4slCOMPONENTS*OP.THE*MOBILOT.TBHSOR.w!R. T .

*CRYSTALQGRAPHIC*AXES*IN«THE*MEAN*PREE*PATH*APPRQXIMATrONj;So]l) .
f o r  u  :»  4 s te p  1 u n t i l  6 do ’

f o r  v  4 s te p  I u n t i l  6 do

w r i t e ( 30, i f  v  « 6 then fS +2 e l s e  f 2/Sumi[u<v] ) j

„ r i t e  t e x t ( 30, I I 4slCQMPONENTS.Op.THE.MQBILXTY.TENSOR» 

W.R.T.*ORTHDOONAL*AXES*lN*THE*MEAN*raEE«PATH*APPRQXIMATIDN

I S c W  }

f o r  u :** 4 s te p  1 u n t i l  6 do

f o r  v  4 s te p  1 u n t i l  6 do

b e g in



suml := 0 .0 j

r •*“ * step 1 until 6 do 

for p :«= 4 step 1 until 6 do

sural :» sural+o[u-3>p-3]xo[v-3,r-3]xsuml[p,r];
m u ( u - 3 ,v - 3 ]  :«  suml \

w r i t e ( 30 , i f  v  -  6 then f2+2 e l s .  f2 ,m u [u -3 ,v -3 ]) j  

end ;

w r i t e  te x t(3 0 ,J [£ 2 c 4 s]R A T IO S i) j 

w r i t e ( 30, f 2 ,m u [l,J ]/ n iu [2 , 2 ] ) j  

w r l t e ( 30, f 2+2 ,m u[3 #3 ]/m u[2 , 2 ] ) j

write t«t(30.I£4elLOWER.I,i«iTS.OF.THE.COHPOHENTS.OP.THE.
MOBILITY*TENSOR*ALONG*THE*ORTHOGONAL*AXES£2cJJ[)l
for u :« i step 1 until 3 do

w r i t e ( 3° # l f  u - 3  then f2+2 . l e e  f 2 / * 3  ̂ b a n d f u W u . u l/ T e m p ) ,

w rlte  t^ t (3°<IL ,*=lEI0ENVALUES.QF.THE.MQBXLm.TENS0Ri2 c n )  
e i g e n v e c t o r s ( m u ,3 , 3 , v a l , v e c )  ;
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for u :« 1 step 1 until 3 do 

write(3y ,f2,val[u]) j

write text(30,££2e4s^EIGENVECTORS*OP*THE*MOB3XITY*TENSORf2e
4slDIRECTION*COSINES£2c22) i L

f o r  u :» 1 step 1 until 3 do

f o r  v 1 step I until 3 do

wrlte(30,lf v - 3 then fS+2 else rs.veofu.vj) ,

write text(30,£[4siANGLES£2c]2) ;

f o r  u :« 1 step 1 until 3 do 

for v 1 step 1 until 3 do 

write(30,lf v - 3 then f2+2 else f2,

aretan(sqrt(aba()-vec[u,v]ts))/vec[u,v])x57
end Calculation of mobility within the band

Hop o n l y  s

29577951)' > 

approximation ;

troto repeat :^ a *



LLL
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c l o s e ( 20 ) i  

c l o s e ( 30) ;

en d  Program
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KR00693
"BEGIN"
"REAL" A,B,C,BETA,SUM1 * SUM2, TEMP J 
"INTEGER" I ,  J ,  K |
"ARRAY" TOR,T,WC11 7 3 ,XC1 * 7 , 1 1 3 3 , MUC11 3 ,1 ,3 3"SWITCH" F I * REPEAT 1 '«<-**¿*1133
REPEAT S
"FOR" I *= 1 "STEP" 1 "UNTIL"
"READ" TCI 3 3
"HEAD”  A,B,C,BETA,TEMP j 
"FOR”  I *= 1 "STEP”  1 "UNTIL" 7

1 "UNTIL”  3

7 "DO"

"DO”
” DQ"

:=  X t l . l 3 : *
:=  XC2,23 i =
*s A+XCI>13 
i = G»5*A 3
i= XC7*23 : = 
j=  0 • 5+A+X C 1 ,  13 3
i s  XC3,33 * * XC 5 , 3  3 I*  XC7,33 
WC23 I * WC43 I*  WC 53 I*  2 3

C*COS<BETA) 
B j 
3

0 .5 + 8  |

"FOR”  J l= 1 "STEP”
X C I ,  J3 *»  0*03 
XC3, l 3 
XC3 + 23 
XC5,1 3 
X C 6# 1 3 
XC 6 , 2  3 
X C 7 , 13 
XC1#33 
WC13 * =
WC33 :=  WC63 := WC73 t= 4 j 
"PRINT"'MOLECULAR INTEGRALS 
^ < 0 # 0 + l )  < 0 ,1 ,0 3  C o > 1 > |> ( 1 , 0 * 0 )

"FOR”  I ** 1 "STEP”  1 "UNTIL”  7 " DD" 
"PRINT”  SAMELINE,ALIGNED< 4, 4>, Tt I 1 * 
"PRINT”  * #L2%% # , C I J *

"  I i s  1 "STEP" 1 "UNTIL"
A B S (T C I3 ) /1 0 «3 3 7 6  i 
0*0  3
1= 1 "STEP”  1 "UNTIL"
SUM1 +TC1 3 + WCI 3 |

■ r u i '  ,  |s 1 "STEP”  1 "UNTIL”
TORCI 3 I*  TCI3*WCI3/SUM1 3 
SUM2 I «  0*0 3
"FOR”  I t= 1 "STEP”  1 "UNTIL”
SUM2 I*  SUM2+T0RCI 3 *TCI 3 |
ci imi f s 0*0 3

I*  1 "STEP" 1 "UNTIL”  
i s  1 "STEP" 1 "UNTIL"
SUMI i s  0*0 3
i s  1 "STEP" I "UNTIL”

*8 C+5IN(BETA)

< 1 , 0 , 1 )  <!6,fc#0> t >

"FOR*
TC I 3 I *  
SUM l I *  

"FOR”  I 
SUM1 t= 
"FOR”  I

SUM1 I ®  

"FOR”  I 
"FOR”  J
"BEGIN”
•FOR

7 ” DOit*

” DO"

” DO”

7 "DO"

3
3

"DO”
"DO”

"FOR”  K » -  * - i t r  i "UNTIL”  7 ”  
SUM1 1= SUM1+TDRCK3*XCK,J3*XCK,I3 
MUCl+JJ *e SUM1 3 
"END”  3 
BETA I*  0*03
"P R IN T ” '  QUADRATIC MOMENTS 

X.X X • Y X .Z

” DO”
3

IS 1 "STEP" 1 "UNTIL
Y.Y

”  7 "DO"•♦f o r "  l
m p HINT” 5AMELINE,PREFIX! " S 2 * * ) ,A L I G N E D ( 3 ,3 ) ,

f j l ) * x C l * l 3 , A L I 6 N E D C 3 , 3 ) , X C I , 1 3 * X C I , 2 1 » A L I 6 N E D ( 3 , 3 ) ,  
O r l , 1 3 *X C I*3 3 ,A L IG N E D (3 ,3 ) ,X C I ,2 3 *X C I ,2 3 ,A L IG N E D (3 ,3 ) ,  
XC i , 2 3 * X U  + 3 3 ,A L IG N E D (3 ,3 )* X C I ,3 3 * X C I ,3 l .  ••«**-e-Mn** *

Y.Z Z*Z

— - « 4  • nu i VI¡ i x * '  JT, ’ U j + mui uneu( 3 , 3  ) ,X C I ,2 3 * X C I ,2 3 ,A L I G  
C I , 2  3*XCI + 3 3 ,ALIG NEDC3,3) ,XCI ,33*XCI,3  3 , • % 7~*'"END” # '

••PRINT” '  JUMP PROBABILITIES AND JUMP FREGUENCtrc
BEmTSlEEN TToHRE< ? ? LECULE, ? TTa ; ' 0' “

• 3



"PKINT"SAMELINE*PKEFIX< " S4 "  > , DIGITS,  n  r a , .
ALIGNED<2*3),Tt IT ,  * *L* * j  1 TS( 1 y •1 • ALI GNED( 1 *3 )  # TORU J,
*'END" i
••FOK" I : *  I "STEP" | "UNTIL" 7 "Dn"
BETA :=  BETA+TCI 3 / 7 1
"PHINT" * AVERAGE JUMP FREQUENCY *,SAMF1 iwr Al
” L- NO OF JUMPS ' . S A M E U N E . f l L I G N E D < 2 S ! ^ p , ° NED<2' 3 > *BETA*DIFFUSION TENSUR ‘- iunc.u<^,3>#SUM2, •

'  I
"FOH" J : *  I "STEP" t "UNTIL" 3 "Dll"
"FOR" 1 * * 1  "STEP" 1 "UNTIL" 3 "DU"
"BEGIN" U
"PRINT"SAMELINE>ALIGNED( 5#4>#MUt I ,  J1 ,
••IF" 1 * 3  "THEN""PRINT"**l ** J *
••END" i
••PRINT" '  MOBILITY TENSOR 
'  t
••FOR" J : *  1 "STEP" I "UNTIL" 3 "DO"
•TOR" I ** I "STEP" 1 "UNTIL" 3 "DO"
"BEGIN" u
MUCI * JI  := SUM2+MUCI.J]/ (i .7233l2*TEMP> t"END" I ry  *
''FOR" J ** l "STEP" I "UNTIL" 3 "DO"
"FO R " I *s I "STEP" l "UNTIL" 3 "DO"
"BEGIN"
"PKINT"SAMELINE,ALJGNEDC5,4>,MUCI,J3 .
" I F "  I =3 "THEN" "PRINT" " L "  ,
"END" J
"PRINT" " L 4 * *  1
"PRIN T" 'LINEAR RESPONSE THEORY OF THE MOBILITY*.
"FO R " I *= 1 "STEP" 1 "UNTIL" 7 »DO*‘ M0BILIlY#L " j  
TCI3 * = 1111*10 .33761  
**KEAD"A# B %

PHINT"'POLARIZATION FACTOR* *SAMELINE>ALlGNFnf* n, „
♦«L* PHONON ELECTRON INTERACTION M C T r o * ,!£ 2 n  . S i  "  IGNED<S*4)/B* " L "  l SAMELINE*
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ALI GNED< b* A) * j
"FOR" 1 * * 1  "STEP" 1 "UNTIL" 7 "nr." 
TORCH : *  T C I ] t 2 * C l +B)*WCl5,  ° °  
Gumi * * o . o  i
••FOR" I I* I "STEP" I "UNTIL" 3 "nn..
•FOR" J <* I "STEP" | "UNTIL" 3 . i n . .
•BEGIN" SUM1 1 = 0. 0  ,  *• J DO

-FOR" K 1 = I -STEP...........UNTIL" 7 "n n "
SUM! >= SUMl*TOR[R)»x t K / J J , E 7 00

••ENi" « ”
••PRINT" '  MOBILITY TENSOR 
' ;
••FOR" j  * = 1 "STEP" 1 "UNTII"  -i „ „ o . .

1 ....................... s .g g .

yFK.,.N,, "=s 3flM^ ilENNE"^ R Gr ^ ^ :L i ., ' M U [l' j i
'•END" i 1
‘•PRINT" '  'L20** i  
‘•GOTO”  REPEAT j 
‘•END"
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format of the output from krooó9 .

m olecular  in t e g r a l s  
( 0 * 0 * 1 )  ( 0 , 1 , 0 )  
- 4 .2 3 0 0  224 .5100

QUADRATIC
X.X

40*532
0 

40 
0 
4

. 18 
4

JUMP 
BETWEEN

• 000
• 532
• 000 
• 820 
.327 
349

MOMENTS 
X.Y 
0*000 
0*000 

-3 8 .44 1  
0.000 
0 .000 

12 .924 
- 6  *296

<0*1*1)
“ 0.1600

X.Z
-5 8 .54 0

0.000
-5 8 .5 4 0

0.000
20 .188

0*000
-1 9 .1 7 6

<1*0*0)
1.5900

Y.Y
0.000

3 6 .4 5 7
36 .45 7  

.000 
• 000
114 
114

0
0.
9.
9

MOL TORCI)
1 0*004
2 0*211
3 0.000
4 0.001
5 0 .0 0 5
6 0 .760
7 0.018

___ _ - 1 7 .K 6  9 *114
PROBABILITIES AND JUMP FREQUENCIES 
EN THE MOLECULE AT 0*0*0 AND NEAR 

l / T U )
0.409  

21 .718  
0*015 
0*154 
0 .4 92  

39.051 
0 .9 15  

FREQUENCYa v e r a g e  JUMP 
NO OF JUMPS 34.299 
DIFFUSION TENSOR

14 .2067  
9 .7 0 1 5  

-0 .4 9 5 7

9.7015 
14.8092 
0.5113

MOBILITY TENSOR
0 .9 4 2 5  0.6436
0 .6 4 3 6  0 .9825

-0 * 0 3 2 9  0.0339

8 .9 6 5

-0 .4 9 5 7  
0.5113 
2 .2737

-0 .0 3 2 9
0.0339
0*1508

< 1* 0* 1)
-5 .0 9 0 0

Y.Z
0*000
0.000

55*520
0.000
0*000
0 .000

2 7 .7 6 0

NEIGHBOURSi

<fc*fc*0)
403*6900

Z .Z
84 .550

0.000
84 .550

0.000
84 .550

0 .000
84 .550

<fc#fc* 1) 
9 .4600

LINEAR RESPONSE THEORY OF THE MflRT. 
PO LAR IZATIO N  FACTOR 0.27An 811
PHONON ELECTRON INTERACTION  FACTOR MOBILITY TENSOR FACTOR

11 .80 15  8 .3180 -0 .007R
8 .3 1 8 0  9 .5003 0 nnof

-0 .0 0 7 8  0.0098 S lS S ? l

0.4760



-  325 -

A ppendix (4 )

A  com puter program  t o  determ in e th e  en ergy  l e v e l s  

and m o le cu la r  o r b i t a l  c o e f f i c i e n t s  o f  a m o le cu le  

by  th e  SCF-LCAO m ethod.

(A 4 .1 ) I n t r o d u c t io n .

(A 4 .2 ) C o n s tru ct io n  o f  th e  data  ta p e .

(A 4 .3 ) Text o f  th e  program .
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(A 4.1) In trodu ction »

The fu n ction  o f  the program ou tlin ed  In th is  appendix 

i s  two fo ld :

(1 ) To determ ine, from parameters input as data , the m olecular 

energy le v e ls  and o r b ita l  c o e f f ic ie n t s  o f  a p a rticu la r  m olecule 

u sin g  the LCAO-SCF-MO method as d iscussed  in  chapter(7 )»

(2) To ca lcu la te  the energy le v e ls ,  m olecular o r b ita l  c o e f f ­

i c ie n t s  and bond order-charge den sity  m atrix o f  a matrix 

input as data.

The data output fo r  (1) con s is ts  o f  the idempotent 

den sity  matrix and m olecular Hamiltonian fo r  each ite r a t io n

and, i f  the data reaches s e l f  con sisten cy  and wh /  1, the energy
-£•

l e v e l s ,  o r b ita l  c o e f ic ie n ts  and den sity  m atrix. These are 

p rin ted  on the l in e  p r in te r . In ad d ition  the charge density  

m atrix i s  output on punched tape.

The data output fo r  ca se (2) co n s is ts  o f  the eigenvalues 

and eigenvectors o f  the m atrix fo llow ed  by the charge d en sity  

-bond order m atrix.

(A4.2) 

n: 

z [ i ]  :

eV:

max:

Construction o f  the data ta p e .

The number o f  atoms in  the m olecu le.

An nxl array containing the number o f  

e lectron s  contributed  by atom i  to  the 

p i system.

An in teger  set equel to  1 i f  the u n its  o f  

energy are eV or  0 i f  the u n its  are in  

Hueckel u n its .

The maximum number o f  ite r a t io n s  to  be 

perform ed.

I f  the program i s  to  be used to  d iagona lize  

a secu lar m atrix max should be set> 9 9 8 »

The p o s it io n  and value o f  the non-zero elements



wh:

idem:

g c : 

d w [ i ] :

h c [ i , j ] :

b [ i , j ] :

g [  i  » «3 3 •
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o f  th e  m a tr ix  sh ou ld  then be in p u t term in ated  by  

s e t t in g  th e  f i r s t  p o s i t i o n  in te g e r  > 9 9 8 .

T h is  sh ou ld  be fo l lo w e d  by £ENDJOB and th e  

rem ain in g  in s t r u c t io n s  ig n o r e d .

EXAMPLE To d ia g o n a liz e  a m a trix  o f  th e  form :

1 0 1
0 1 0

1 0 1

The d a t a (a f t e r  max) w ould be o f  th e  form :

153515

252515

353515

9995

£ENDJOB

The z e ro  elem ents and sy m m e tr ica lly  e q u iv a le n t  

( in v e r t io n )  elem ents a re  c o n s tr u c te d  w ith in  th e  

program .

An in te g e r  s e t  eq u e l t o  1 i f  th e  r e s u l t in g  SCP 

H am ilton ian  i s  n o t  t o  be  d ia g o n a l iz e d .

The maximum number o f  i t e r a t i o n s  r e q u ir e d  t o  

r e s t o r e  idem poten cy  (u s u a lly  2 o r  3 a r e  s u f f i c i e n t )  

The coulom b in t e g r a l  param eter f o r  ca rb o n .

A nx1 a rra y  co n ta in in g  th e  d i f f e r e n c e s  in  

io n iz a t io n  p o t e n t ia ls  o f  carbon  and atom  1 .

A nXn a r ra y  c o n ta in in g  th e  ap p rox im ate  ch arge  

d e n s ity -b o n d  o rd e r  m a tr ix .

A nxn a r ra y  c o n ta in in g  th e  e lem ents o f  th e  

R esonance in t e g r a l  m a tr ix .

A nxn a r r a y  c o n ta in in g  th e  e lem ents o f  the 

Coulomb in t e g r a l  m a tr ix .

(A 4 .3 ) The t e x t  o f  th e  program .
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b e g in

r e a l  A A ,gc;

-1- -t- £ e r  1 * J ,s\u a ,m ax,Idem ,ev ,w h ,fw ,k
I n te g e r  p roced u re  form at ( o t r )  •

s t r in g  s t r  ;

form at :*= la y o u t  ( s t r )  ;

o p e n (2 0 ) ;

o p e n (3 0 )i

o p o u t ;

n :*= read (20 ); 

b e g in

a r r a y  r , r m ,s ,b , h ,h c , r s ,g [  1 !n , 1 : n ] ,  

x . , y , z , d w [ ‘\ : n ) ;

In te g e r  a rra y  u [1 :n ,1  :n ] ;  

comment LUA 15 JUNE 1964; 

p roced u re  matmult ( a ,b , c ,m ,n ,p ) ;  

v a lu e  a ,b ,m ,n ,p ;

I n te g e r  m ,n ,p ; 

a r r a y  a , b , c ;  

b e g in

I n te g e r  i j J , k , r , s ;

I f  m<0 then  r :« -m  e l s e  r :* m ;

I f  P<0 then  s := -p  e l s e  s:=»p; 

f o r  i := 1  s te p  1 u n t i l  r  do 

f o r  J :«1  s te p  1 u n t i l  s do 

b e g in  e [ i , j ] : » 0 ;  

f o r  k :«1  s te p  1 u n t i l  n do

c [ l , j ]  ss= c [ l ,J ]  + (lfm <Oth e n a [ k Jl ] e l s e a r 1  .k l W  

(jLfp<Othenb[ J jk 3 e l s e b r k . i l )

end

end m atm ult;
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procedure m a t in v e r t (x ,r ,y ,e r r o r ) ;

value x ,r ;

in teger  r ;

r e a l  array x ,y ;

la b e l e r ro r ;

begin

comment D irect method (Todd) f o r  matrix in version . 

The c o e f f i c ie n t s  o f  the matrix to  be inverted  are 

stored  in  the two dim ensional array x , r  i s  the 

number o f  rows (or columns, since the matrix is  

square). On e x it  the inverted  matrix i s  in  the two 

dim ensional array y . Array x must have one extra 

column fo r  use as working space, i . e .  x must be 

declared  w ith dimensions [1 :r ,1 s r + 1 ] .  e rror  i s  the 

la b e l Jumped to  i f  x i s  a singular m atrix;

In teger s , l , v , z ;  

r e a l  max;

in teg er  array r r [ 1 : r ] ;  

f o r  s :«1  step 1 u n t il  r  do 

begin

max:=0;

fo r  1:»1 step 1 u n t il  r  do 

begin  f o r  v:=1 step 1 u n t i l  s-1 do 

i f  l*=rr[v] then goto 11; 

i f  a b s(x [l,1 ])> a b s(m a x ) then 

begin  r r [ s ] := 1 ;
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en d ;

f o r  ls**1 s te p  1 u n t i l  r  do 

x [ l , r + 1 ] : = i f  l « r r [ s ]  then  1 e l s e  0 ;

I f  abs (max)<io-10 then  g o to  e r r o r ;  

f o r  1 : “ 1 s te p  1 u n t i l  r  do

x [ r r [ s ) , l ] : ~ x [ r r [ s L l + 1 ]/m ax ; 

f o r  1 :«1  s te p  1 u n t i l  r  do 

b e g in  m ax := x [1 ,1 j ;

I f  l / r r [ s ]  then

f o r  z := 1  s te p  1 u n t i l  r  do

x [ l , z ] : = x [ l , z + 1 ] - m a x x x [ r r [ s ] ,z]

e n d

en d ;

f o r  z:«=1 s te p  1 u n t i l  r  do

f o r  ls »1  s te p  1 u n t i l  r  do

y [ z , l ]  : « x [ r r [ z j , l j ;

f o r  z : » l  s te p  1 u n t i l  r  do

f o r  1 :=1 s te p  1 u n t i l  r  do

x [ z , l ] : = y [ z , l ] ;

f o r  z := 1  s te p  1 u n t i l  r  do

f o r  l s -1  s te p  1 u n t i l  r  do

y [ l , r r [ z ] ] : * x [ l , z ) ;

en d ;

comment LUA 12 APRIL 1964 
LUA 5 APRIL 1964;

p ro ce d u re  h o u se h o ld e r  t r l d la g o n a l l s a t i o n  ( a , n , o , b ) j  
v a lu e  n ;

I n t e g e r  n ; 

a r r a y  a , b , c ;

comment num erlsche mathemaMir h  A «  o c -7 ____ _
* p,:5!:>7 W ilk in s o n , h o u se h o ld e rs

method f o r  e ig e n v a lu e s  and e ig e n v e c t o r s ;



b e g in

In te g e r  j , i , k ;

r e a l  a l , s i g m a ,h ,b j ,b i g k ,b i ;

a r r a y  q [ l :n - 1  ] ;

f o r  i : « n  s te p  -1 u n t i l  3do

b e g in

sigm a:=0*

f o r  k:=1 s te p  1 u n t i l  i -1  do

slgmas^slgma+atl^kjxatljk]j 
als-a[1,1-1 ];

I f  a i^ o  then b i : — e q r t (s ie m a ) e l s e  b i : -  s q r t  (sigma);

comment LUA 12 PAGE 2 

LUA 5 PAGE 2 ; 

b[i-1] :«bi$

I f  bi^O then 

b e g in

h :« s ig m a -a ix b i;

a [1 ,1 -1 ] :« a i -b i ;

f o r  J :=  1-1 s te p  -1 u n t i l  1 do

b e g in

bj:=0j

f o r  k := i -1  s te p  -1 u n t i l  Jdo

b j:«b j+a [k ,jjxa [l,k ]$

f o r  k : « j - 1  s te p  -1 u n t i l  1 do

b j :«  bj+ a [ j ,k ]x a [i ,k ] ;  

q[ J]:=bj/h  

end j;

b lg k := O j

f o r  J :«1 -1  s te p  -1 u n t i l  Ido
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b lg k : «b ig k + a  11 , J] xq[ j ];
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b ig k : =bigk/ (2 xh ); 

f o r J ;= l - 1  s te p  - 1  u n t i l  1 d o

q [J ] :» q [ J ] -b lg k x a [ i,j] $

f o r  Js—1 —1 s te p  - 1  u n t i l  1 do 

b e g in

f o r  k := J  s te p  - 1  u n t i l  1 do

a[ J,kJ :*=a[ j ,k ] - a [ i , , j ] x q [ k j - a [ i ,k ] x q [  j ]  •

end J ; 

end 

end l;

f o r  1 i n s te p  - 1  u n t i l  1 d o

b [ 1 ] :=  a [ 2 , 1  ] ;  

b [ n ] : = 0

end h o u se h o ld e r  t r i d ia g o n a l i s a t io n ;  

comment LUA 12 PAGE 3 
LUA 6 APRIL 1964;

p ro ce d u re  b a ck tra n sform a tin n  ( a jb jZ jn jm l ) ;  

v a lu e  n,m 1 ;  

in t e g e r  n , m 1; 

a r r a y  a , b , z ;

comment num erlsche m athem atlk 4 .4  p . 3 5 8 ;

b e g in

I n t e g e r

r e a l  s ;

f o r  J : »  1 s te p  1 u n t i l  ml do 

f o r  k : »  3 s te p  1 u n t i l  n do 

I f  b [k ~ 1 ] /o  then  

b e g in

s := O j
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f o r  1 : ”  1 step  1 u n t i l  k-1 do 

s s « s + a [ k , i ] x z [ i , j ] ;  

s := s / ( b [ k - 1 ] x a [ k ,k - 1 ] ) ;  

f o r  i s * !  s te p  1 u n t i l  k -1d o  

z [ i , J ] : = z [ i , j ] + s x a [ k , l ]  

end

end b a ck tra n s fo rm a tio n ;

comment LUA 12 PAGE 4 

LUA 9 APRIL 1964;

p ro c edure t r l d l b i s e o t i o n  3 (c ,b ,n ,m ,t ,g a m m a ,« .n o r m );

v a lu e  n,m ,t,gam m a;

In te g e r  n ,m ,t ;  

r e a l  gamma,norm; 

a r r a y  c ,b ,w ;  

b e g in

In te g e r  a 1 , i , j ;

r e a l  p i ,q 1 ,y , l a m b d a , l ,g ,h ;

a r r a y  p [ 1 :n ] ;

p ro ce d u re  sturm s seq u en ce ; 

b e g in  In te g e r  1 ;

p 1 : = 0 ;

qi s—15
a 1 j^ o;

f o r  1:*» 1 s te p  1 u n t i l  n do 

b e g in

y :* = (c [i] - la m b d a ) x q 1 -p [ i]x p 1  ; 

pi :=q.i i qi :*=y;

I f  p 1 2° ^ 2 °  th en  a1 := a l+ l

end ;

I f  q1«=0 and p1>0 th en  a1 :*=a1-1

end;



comment LUA 12 PAGE 5 LUA 9 PAGE 2;

norm:= abs(e[1 ])+abs(b[1]);

for I:=2 step 1 until n do

begin Is* abs(b[ 1-1 ])+abs(c[i])+abs(b[l])
If l>norm then norm:=l

end;

for 1:=1 step 1 until n-1 do 

begin

If b[i]=0 then p [ 1+1 ]:= gammaxnormxnorm

else p[ 1+1 J : =b[ 1 ]xb[ 1 ]

end;

p[1]:=o;

If m>n then m:=n;

for 1 :=1 step 1 until m  do

begin

g:=norm;

h:=-norm;

for j:=1 step 1 until t do 

begin lambda:=(g+h)/2; 

sturms sequence;

if a1 >1 then h:=lambda else g:=lambda 

en d ;

w[ l]: = (g+h)/2 

end

end trldlbisectlon; 

comment LUA 12 PAGE 6 

LUA 1 0 APRIL 1 964;
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p ro ce d u re  t r i d i in v e r s e  i t e r a t i o n  1 (c ,b ,n ,w ,n orm ,m 1  ,m acheps) 

r e s u l t : ( z ) ;

v a lu e  n,m1, norm ,m acheps;

I n te g e r  n, ml ; 

r e a l  norm ,m acheps; 

a r r a y c ,b ,w , z ;

comment num erische m athem atik, 4, 3 6 8 - 3 7 6 5  

b e g in

in t e g e r  i ,  j ;

r e a l  b i ,  bi1 , lambda, u, v , h , ep s , e t a ;

a rra y  m ,p ,q , r , in t [  1 : n ] , x [ l  :n + 2 ];

lam bda: =norm;

e p s : =machepsxnorm;

f o r  J:=1 s tep  1 u n t i l  ml do

b e g in  la m b d a :-lam bd a-ep s;

I f  w [ j ]  <lambda th en  lam bda: =w[ j  ] ;  

u := c [ l  ] -lam bda; 

v := b [ 1 ] ;

i f  v -0  then  v := e p s ;

f o r  i:= 1  s te p  1 u n t i l  n-1 do

b e g in

b i : = b [ i ] ;

i f  b i= 0  then b i : = e p s ;

bi1 :=b[ 1+1 J;

i f  bi1 =0 th en bl1 := e p s ;

comment LUA 12 PAGE 7

LUA 10 PAGE 2 ;

i f  a b s (b i ) >  a b s (u ) then

b e g in

m[ i+1 ] := u /b i ;

i f  m[ i+1 ]=0 and b i< e p s  th en  m[i+1 ] ;=1 •
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p [ l ] :* = b l j

q [ i ] := c [ i + 1  ] -lam bda$ 

r [ i ]  :=bl1 

u : =v-m[ i+1 ] xq[ i  ]; 

v:= -m [ 1+1 ]x r [ l ] j  

in ti  1+1 ] :-+1 

end

e ls e  b e g in  

m[ 1+1 ] := b l /u ;  

pC 1 ] .'=u; 

q[ l ]  :=v5 

r [ l ] : = 0 j

u:=c[i>-1 ]-lam bda-m [ 1+1 ]x v j

v : =bi1 ;

ln t [  1+1 ] :=-1

end

end 1 f

p[ n ] := u j

q[ n] :=  r [ n ] := o j

x[n+1 ] := x [ n+2 ] :  =0 J

h:=0J

e t a : =1 /n ;

f o r  l := n  step  -1 u n t i l  1 do 

b e g in

u := e ta -q [  l ] x x [  1+1 ] - r [ i ] x x [  1+2 ];

I f  p [ l ] = 0  then  x [ l ] := u / e p s  e ls e  x [ l ] : = u / p [ l ] j  

h := h + a b s (x [ i ] ) 

end 15

comment LUA 1 2 PAGE 8 

LUA 10 PAGE 3J
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h:=1 / h ;

f o r  i;= 1  s tep  1 u n t i l  ndo 

x [ l ]  :=x[ i]X h ;

f o r  1 :=  2 s tep  1 u n t i l  n do 

b e g in

I f  in t [  l ] X )  then

b e g in

u := x [ 1-1 ] ;

x [ 1-1 ] :=x[ 1 ] 5

x[ i ]  :=u-m[ 1 ]xx[ 1-1 ]

end

e ls e  x [ l ] := x [ l ] - m [  l ] x x [  1-1 ]

end 1 ;

h:=OJ

f o r  i := n  step  -1 u n t i l  1 do 

b e g in

u : = x [ i ] - q [  i ] x x [  1+1 ] - r [  l ] x x [  1 + 2 ]; 

I f  p [ i ] = 0  then x [ l ] := u /e p s  

e ls e  x[ i ]  := u /p [ l ] $  

h := x [ i ] x x [  i ]+ h  

e n d l j

h:=1 / s q r t ( h ) ;

f o r  1 :=1 s te p  1 u n t i l  n do

z[ 1> J] :=x [ l ] x h

endj

end t r l d i ln v e r s e  I t e r a t io n  1$
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comment LUA 12 PAGE 9;

p roced u re  e ig e n v e c to r s  (a ,n ,m ,w , z ) ;

v a lu e  n, m;

a rra y  a , w, z j

In te g e r  n,m;

begin

a rra y  b , c[ 1 :n ] j  

r e a l  norm;

h o u se h o ld e r  t r id ia g o n a l i s a t io n  ( a , n , c , b ) ;  

t r l d l b l s e c t l o n  3 ( e ,b ,n ,m ,3 9 ,2 t ( -7 8 ) ,w ,n o r m ) ; 

t r ld l ln v e r s e  I t e r a t io n  1 ( c ,b ,n ,w ,n o r m ,m ,2 t ( -3 9 ) ,  z ) ;  

b a ck tra n s fo rm a tlo n  ( a ,b ,  z ,n ,m ) 

end e ig e n v e c to r s ;
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comment Construction of idempotent matrix-R 

procedure potent(idem,n,r,u, counters, lo); 

value r, idem,n,u;

Integer Idem,count,n; 

array r, rs; 

integer array u; 

label lo; 

begin real a,be;

Integer c, 1, j; 

array rm,s[1 :n,1 :n]; 

count:=o;

for c:=1 step 1 until Idem do

begin count:=count+1;

matmult(r, r, s,n,n,n);

for i:=1 step 1 until n do

for j:=i step 1 until n  do

rm[ 1, J] :=rm[ i] :=3.0Xu[ 1, j]-2.0Xr[ 1, J];

matmult(s, rm, rs,n,n,n);

for i:=1 step 1 until n  do

for j:=i step 1 until n do

If abs(rs[ 1, j]~r[ 1, J])>io-4 then goto lw;

goto lo;

lw;en d ;

a : = 0 . 0 ;

for i:=1 step 1 until n do

a:=a+rs[ 1, i];

be:=(n-5-2-a)/n;

for i : =1 step 1 until n do

for j:=i step 1 until n  do

rs[ 1,J]: =rs[ J, i] :=rs[ 1, J]+beXu[ 1, j ];
end potent;
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comment C o n s tru ct io n  o f  new m a tr lx -R j 

p roced u re  new r(u , r ,h ,  g , s ,n )  J 

v a lu e  u, r ,h ,g ,n $

I n te g e r  nj 

a rra y  r ,h ,g ,  s ;  

in t e g e r  a rra y  u ; 

b e g in  r e a l  a , b e , c , d j  

In te g e r  i ,  j ;

array ii, JJ,rm[1 :n,1 :n], 

rs[1 :n, 1 :n M  ]; 

for i:=1 step 1 until n do

for j:=i step 1 until n do

rs[ i, j ] :=rs[ j, i] :=u[ 1, J ]-r[ i, J ]j 

matmult(rs,h, rm,n,n,n)$ 

matmult( rm, r, s, n, n, n) \ 
for i: =1 step 1 until n do

for J : =1 step 1 until n do

begin ii[i, j]:=s[i, j]+s[ J,i]$

J j [ i ,  J ] : = s [ i ,  j ] - s [  J , i ]

endj

m a t m u l t ( i i ,h ,r s ,n ,n ,n ) ;  

a := 0 .0 j

f o r  i:= 1  s te p  1 u n t i l  n do 

a := a + r s [ i , i ] $  

matmultC i i ,  j  j ,  s , n, n, n ) ; 

m atm u lt(s ,h , r s ,n ,n ,  n ) ;

b e := 0 .0 J

f o r  i:= 1  s te p  1 u n t i l  n do 

b e := b e + rs [ i ,  i ]  j 

f o r  i:= 1  s tep  1 u n t i l  n do 

f o r  J:=1 s te p  1 u n t i l  n do
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n n [ i ,  j ] : = 2 . 0 X i i [ i , i ] x i i [  J, j ] - l i [  i ,  j ] x l i [  i ,  J ] ;

m atm ult(g, rm, r s ,  n, n , n) $

c := o . o ;

f o r  i:=1  step  1 u n t i l  n do 

c := c + r s [  1, 1 ] )  

d := - a / ( 2 .o x b e - c ) $  

m atm ult(1 1 ,1 1 ,rm ,n ,n ,n )J  

f o r  1 : =1 s tep  1 u n t i l  n do

f o r  j  : =1 step  1 u n t i l  n do

r s [  1 , j  ] :=u[ 1, j]+dxdxrm [ i ,  J ] ; 

m a t in v e r t (r s ,n ,r m ,I s )J  

f o r  i : =1 s tep  1 u n t i l  n do

f o r  J : =1 s tep  1 u n t i l  n do

r s [ 1 , J ] : = d x i i [ 1 , J ]+ d x d x s [1 , J ] ;  

m a tm u lt (r m ,r s ,s ,n ,n ,n )  

end newrj

f o r  1 :=  1 s te p  1 u n t i l  n do

z [ i ]  :=  re a d ( 2o ) ;

f o  :=  form at ([_ss-ndd.dddddj_) \

f t  :=  fo rm a t([n d cJ J  5

f f  :=  form at([_ -n d .d d d d c2 ) $

fw  :=  fo rm a t([_ s -d .d d d d d jJ ) J

ev :=  r e a d (2 o ) ;

max :=  r e a d (2 0 ) ;

i f  max > 998 then

b e g in

f o r  1 :=  1 s tep  1 u n t i l  n do 

f o r  j  :=  1 s te p  1 u n t i l  n do 

h[ 1, J] :=  h[ J , l ]  :=  O.OJ 

xxxx :

1 :=  r e a d (2 o ) ;



I -  3^2 -

I f  1 > 998  then g o to  o u t ; 

j  :=  r e a d (2 0 ) ;

AA:= read(20);
h[ 1, s= h[ J,i] := AA;
g o to  x x x x ;

o u t :

wh :=  2 ;

c l o s e ( 2 o )  ; 

g o to  I f  ;  

end;

wh :=  re a d (2 0 ) ; 

idem :=  re a d (2 o ) ; 

g c := ( r e a d ( 2 o ) ) /2 . o ;  

comment Reading in  d a ta ;

f o r  i:=1  step  1 u n t i l  n do d w [ i ] := r e a d (2 o ) ;

f o r  i : =1 s tep  1 u n t i l  n do

f o r  J:=1 step  1 u n t i l  n do

h c [ i ,  J] := r [ i ,  j ] := 0 .5 x r e a d ( 2 o ) ;

f o r  i :  =1 s te p  1 u n t i l  n do

f o r  j  :=1 s tep  1 u n t i l  n do

b e g in  i f  i=J then  u[ i ,  j ] := 1  e ls e  u [ i , j ] : = o ;  

b[ i ,  j ]  := re a d (2 o )

end;

f o r  1 : =1 s te p  1 u n t i l  n do 

b e g in  x [ i ] : = 0 . 0 ;  

f o r  j:= 1  s te p  1 u n t i l  n do 

b e g in  g[ i ,  J ] := r e a d (2 0 ) ;

I f  then  x[ i j : = x [ i ] - z [  j ] x g [ i ,  j ]  

end;
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y [ i ]:=dw[i]-gc+x[i] 

end;
close(2o);
write text( 30, [_[_1 0 sj_RESULTS*F0R*ITERATIVELY*CONSTRUCTED 

*HARTREE-FOCK*HAMILTONIAN|_ccJJ_) \
sum: =-1 j
I t :  sum:=sum+1 ;

p oten t( idem, n ,r ,u ,c o u n t ,s , l o ) ;  

l o : f o r  i:=1 step 1 u n t il  n do 

fo r  j : = i  step 1 u n t il  n do 

r[ i ,  j ] :=r[ j , i ]  :=s[ i ,  j ]  J 

i f  sum̂ O then

begin for i:=l step 1 until n do
for j:=i step 1 until n do
if abs(r[ i, j]-hc[ i, j] )>io-4 then

begin for i:=1 step 1 until n do

for J:=i step 1 until n do
hc[ i, j ]: =hc[ j, i ]: =r[ i, j ];

goto lz
end;

goto If
end;

lz:w r i t e  t e x t ( 30,|_[_ss2lDEMP0TENT*DENSITY*MATRIX|_cJJ_);
write text(30, [_[_ssJ_ITERATIQNS*REQUIRED*J_);

write(30, ft,count);
for i:=1 step 1 until n do

begin

k := 0 ;

for j : =1 step 1 until n do 
begin

k : = k+1;
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write(30,if J=nthen( If i=j then fof2 else fo+1 )else 
fo, r[ i, j])j 
If k = 11 then 
begin 
k := 0 ;
write text(30,[[ c]]);
end
end
end;
for i: =1 step 1 until n do 
begin 
k := 0 ;
for j: =1 step 1 until n do 
begin 
k := k J-1 ;
AA := R[i, j]; 
fixout(AA, 1,1,5); 
scout;
if k = 1 1 then 
begin 
k := 0 ; 
crout(1 ) 
end;
if j = n then crout(1 );
end
end;
gapout(1 O ');
comment Construction of hamiltonian-h; 
for i: =1 step 1 until n do
begin x[i]:=0 .0 ;
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f o r  j : =1 step 1 u n t il  n do

begin I f  then x[ i ]  :=x[ i]+ 2 .0X r[ J, j]x g [ 1, j ] ;

rm[ 1, j  ] :=rs[ 1, j ]  :=0.0

end;

rm[ i , i ] := y [  i]+ x [ l ]+ r [  1, l]x g [ l ,  i ] ;  

f o r  J:=l+1 step 1 u n t il  n do 

rs[ 1, j  ] :  =b[ 1, J ] -  r[ i ,  j  ] xg[ 1, J ] J 

f o r  j :=1 step 1 u n t il  n do 

h[ 1, j ]  :=h[ J , i ]  :=rm[ 1, j]+ rs [ 1, j  ] 

end;

w rite t e x t (30, [ £ ss2HAMILT0NIAN[_cJJ_) ; 

f o r  i:=1 step 1 u n t il  n do 

begin 

k := o ;
f o r  j:=1 step 1 u n t il  n do 

begin 

k := k+1;

w rite (30, i f  J=n then ( i f  i=J then fo^-2 e lse  fo+1 ) 

e lse  fo ,h [ 1, j ] ) J 

I f  k = 11 then 

begin 

k := 0 ;

w rite t e x t ( 3 0 , [ [ c ] ] ) ;

end;

end;

end;

I f  sum=max then goto I f ;  

n ew r(u ,r ,h ,g , s ,n ) ;  

f o r  i:=1 step 1 u n t il  n do 

f o r  j:=1 step 1 u n t il  n do

r [ 1, J] := r [ 1, J ] - s [ l ,  J ] ;



goto i t ;

comment Construction  o f  bond-order charge-density  matrix

I f  :jlf  wh=1 then goto In;

e igenvectors (h, n, n, x, rm) 5

f o r  i :=1 step 1 u n t il  n do

begin w rite t e x t (30, [ [ ss ]ENERGY*0F*MQ*] ) ;

w r ite (3 0 ,f f ,x [  i ] ) ;

w rite te x t( 30, Hjss2CXDEFFICIENTS*0F*AT0MIC*0RBITALS[_c]J>) \ 

k := 0 ;

f o r  J :=1 step 1 u n t il  n do 

begin 

k := k+1 ;

w r it e (3 0 ,i f  J=n then fo+2 e ls e  fo,rm [ J , i ] ) ;  

i f  k = 11 then 

begin 

k := 0 ;

w rite t e x t (3 0 , [ [ c ] ] ) ;  

end;

r [ i ,  J ] := 0 .0

end

end;

idem := 0 ;

f o r  i  := 1 step 1 u n t il  n do

idem := idem +z[i] ;

i f  ev=1 then

begin max: =idem-5-2+1 ;

f o r  j :=1 step 1 u n t il  n do

fo r  sum:=j step 1 u n t i l  n do

fo r  i:=max step 1 u n t il  n do
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r[ j,sum] :=r[ sum, J] :=r[ sum, j]+rm[ sum, i]xrm[ J,i]
end else
begin max:=idem+2; 
for j: =1 step 1 until n do 
for sum:=j step 1 until n do 
for i:=1 step 1 until max do
r[ j, sum] :=r[ sum, j] :=r[ sum, j]+rm[ sum, i]xrm[ J, l] 
end;
for 1:=1 step 1 until n do 
for j:=i step 1 until n do 
r[l, J]:=r[ j,l]:=2.0xr[i, J]J
write text( 30, [_[_ssJ_BOND-ORDER*CHARGE-DENS ITY*MATRIX£cJ2) 5 
for l:=1 step 1 until n do 
begin 
k :=  Oj

for j: =1 step 1 until n do 
begin k := k+1 J
write(30,lf J=n then fo+1 else fo,r[i, J]);
If k = 11 then 
begin 
k := o;
write text(3Q,[[c]]);
end
end
end;
for 1 := 1 step 1 until n do 
begin
k := o;
for J := 1 step 1 until n do 
begin 
k : = k+1;
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AA :=  r[ i ,  j ] ;  

f ix o u t (A A ,1 ,1 ,5 ) 5  

s c o u t ;

i f  j  = n then  crou t(1  ) ;

i f  k = 11 then

b e g in

k : = 0 ;
crout(1 ) ;

end

end

end;

goto m ;

I s :

w rite te x t( 30, [_MATHIX*SINGULAR2) 5 

In :

c lo s e (3 o ) ;

c lo u t ;

end;

end


