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Chapter I

Introduction

'1hi3 work is on the hand structure of crystalline 
anthracene and its pressure dependence. In this chapter, 
we discuss the general characteristics of crystalline 
anthracene,the experimental facts ahout charge transport 
in anthracene,and the objectives of this investigation 
are stated.

It will be shown that this work introduces an 
internally consistent band model which is in good agreement 
with the available experimental data.
A.. General characteristics of crystalline anthracene.

Anthracene,a planar polycyclic aromatic hydrocarbon 
(see fig.1.1),has been used in scintillation counters 
for many years. Thus,being readily available commercially, 
in what was believed to be an adequately pure crystalline 
form,anthracene has long been considered by many to be 
a prototype material for the investigation of the 
properties of organic semiconductors.

VTost of these organic semiconductors have very high 
electrical resistivity. Their dark electrical conductivity 
increases exponentially with temperature a s ^ ^  ^ e x p H U ,  
hence the name semiconductors. The conductivity arises u sOaiy 
from the injection of charge carriers into the organic 
semiconductor by some extrinsic means such as by contacts, 
adsorbed gases,or impurities,
Por anthracene ^«0.85 e.v., 2.5x10“^  (ohm. cm)- ,̂< c *, O
and°2oV'10" (ohm.cm)- , Since 2P is smaller than the 
band gap,as can be seen from Pig. 1. "5 , for anthracene,
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Fig. 1.1. The molecular structure of anthracene,
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(23)the conduction must he extrinsic. Pope has measured the conduction

threshold by the Millikan oil drop technique. He reported a value of
(24)3.7 e.v. In a later review paper he concluded that the gap energy 

is 3 . 8 +  0.1 e.v.

Organic semiconductors belong to the class of solids known as molecul­
ar crystals. The binding forces of these crystals are the Van der Waals 
forces,and the molecules are relatively far from one another.

Due to the weak crystal forces,the molecular energy levels are 
relatively undisturbed in a molecular crystal. In order to obtain charge 
transport.it is necessary,at the very least ,to excite an electron into 
one of these molecular states. The electronic states of aromatic molecules 
are assumed to factor into noninteracting sets o f ^ -*- orbitals and'lf- 
orbitals. The^^-orbitals are symmetrical around the bond axis,giving 
localized C-C and C-H bonds. The'TT- orbitals are perpendicular to the 
molecular plane. Fig. 1.2 is a composite sketch of three benzene 
molecular orbitals for anthracene. The composite was made from a sketch 
of the molecular orbitals of a benzene molec u l e ^ ^ a n d  is used to give 
a schematic representation of the^'andTJ*- orbitals. Any-Tr- orbital 
overlaps equally with both of its neighbors so that the // - electrons 
are completely delocalized.

Considering only t h e T -  orbitals,the ground state of the molecule 
is obtained by placing pairs of electrons,with opposite spin,into the 
lowest orbitals. There are an eren number af electrons In anthracene.
The state of lowest energy is a singlet state • An excited state 
may be obtained by removing an electron from the uppermost filled 
orbital of the ground state to a vacant orbital of higher energy.
If the spin Is conserved in this process, the total spin of the 
excited state Is zero,giving rise to an excited singlet state.
If there is a spin reversal, the total spin of the excited state is 
o n e ,resulting In a triplet state. The first excited singlet and triplet 
states of an anthracene crystal are shown schematically relative to the 
singlet ground state in fig. 1.3.
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FIG. 1.2, ANTHRACENE MOLECULAR ORBITALS.

(o ) LOCALIZED cr-O R B ITA LS i(b ) UNLOCALIZED 7/*-ORBITALS.'
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F1 g. 1.3* first excited singlet and

triplet states of anthracene.Single crystals.
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B. Experimental facts about charge transport in crystalline
anthracene.

(2) (3)Kepler and LeBlanc have measured the drift mobilities
of electrons and holes injected in small numbers in an otherwise
neutral anthracene crystal.
Two facts have been clearly established: (1) The mobilities of

2both holes and electrons are of the order of 1 cm /volt,sec at 
room temperature (2) The mobilities vary with absolute temperature 
as T n , with 1 ^  n /  2.

(4 )In a later investigation Kepler measured the change of the drift
mobilities of electrons and holes in anthracene with pressure at
3 kilobars. More recently Kajiwara et a l ^ ^  measured the drift
mobilities of electrons in anthracene at different pressures up
to 6.6 kilobars. Their results are very close to those of Kepler.
Several investigators tried to measure the Hall mobility of injected
carriers in anthracene ^  . Although the quantitative data obtained
are in question, because of the experimental difficulties involved in
such a measurement, a general conclusion was that the Hall mobility is

(13)anomalous in sign for some directions of the magnetic field
(25)More recently Dresner has measured the Hall mobility of volume

generated holes in anthracene under space charge conditions. His results 
do not show such sign anomaly,they are also larger in magnitude than 
previously reported values.

A mechanism of charge- carrier transport that involves phonon -
assisted hopping from molecule to molecule would imply that the carrier
mobility Increases with temperature contrary to experiment. On the hand,
a band Bcheme is consistent with the experimental temperature dependence

(14-19)of the drift mobility mentioned above. This led LeBlanc and others
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attempt calculations of the excess electron and excess 
hole hand structures and the mobilities of charge 
carriers in crystalline anthracene. These calculations 
are discussed in detail in chapter IV.
In order to he physically meaningful, such a hand scheme 
must satisfy a stringent condition imposed hy the 
uncertainty principle?? One possible statement of this 
restriction is that the carrier mean free path with 
respect to scattering must he larger than the lattice 
spacings. Or equivalently the uncertainty of the energy 
associated with the relaxation time must he smaller than 
the bandwidth#.Although,as will he shown in chapter IV, 
the hand schemes mentioned predicted the anisotropy of 
the drift mobility to agree fairly well with experiment, 
the internal consistency of these calculations remains 
in question.

(21) (61 LeBlanc and Toombs have shown that the band model
predicts the anomaly of the sign of the Hall mobility
Observed experimentally. However, a hopping model(20)introduced by T.!unn and Siebrand has also predicted 
such anomaly,

Finally,comparison of the change of the drift 
mobility with pressure,as predicted by the band theory, 
with the experimental data was not oossible before the 
present investigation because the linear compressibilities 
of crystalline anthracene were not known.

C. Thesis objectives.
Based on the previous observations it was believed 

that by using better molecular wave functions than the 
ones used by the other Investigators we could improve 
both the agreement between the theoretical and experimental 
values of the drift mobility as well as the internal 
consistency of the model. Secondly,by determining the
* Actually this condition is too stringent since the band 
widens by kT at any temperature T ather than zero.
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linear compressibilities of crystalline anthracene, 
the pressure dependence of the band structure could be 
determined.These results can be used to test the band 
model against the experimental pressure data.

The plan of the work was as follows:
1. Sample preparation, this involves growing pure
single crystals of anthracene as explained in chapter III.
2. The determination of the linear compressibilities by 
neutron diffraction techniques at high pressure.
3. Calculation of the band structure and its pressure 
dependence using improved molecular wavefunctions.
4. Calculation of the drift mobility tensor at different 
pressures and comparing the results with the experimental 
data available.
5. Calculation of the Hall mobility,for the 3ix possible 
directions of the current and the magnetic field,at 
different pressures.

6. The development of a high pressure gas system with 
the following specifications:
a. A non—magnetic pressure cell with two optical windows 
and as many as five electrical leads available at the 
outside.
b. A miniaturized sample holder which can fit into the 
cell.
c. A precise method to measure the pressure.
7. Measurement of the Hall mobility at different pressures 
and comparing the results with the theoretical predictions.

All parts of the plan were completed. However no 
quantitative data were obtained for thw Hall mobility 
because of a new effect reported for the first time 
in these crystals as will be discussed in chapter V,



References - chapter I

1. IT.Alonso and U.j.Finn, Fundamental University 
Physics (Addison- Wesley Publishing co.,Inc.f 
Reading,Mass., 1968) ,vol.Ill ,p.211.
2.R.O.Kepler,Phys.Rev.119,1226(1960).
3. O.H.LeBlanc,J,Chem.Phys.3 3 , 626(1960).
4. R.O.Kepler in Organic Semiconductors conference, 

edited by J.J.Brophy and J.W.Buttrey ( The Macmillan 
Company. New York 1962),p1.

5 Takashi Kajiwara,Hiroo Inokuchi and shigeru linomura 
Bull.of the Chem.soc.of Jap.vol 40,!!o.5 105‘'(1967)

6. T.Toombs , Ph. 1).Thesis,Princeton University 
(unpublished,1968).

7. J.Dresner,Phys.Rev.1■3,558(1966).
8. G.Delacote and U.Schott,Solid State Comm.4,177(1966)
9. R.Pethig and K.Motgan, Nature 214,266(1967).
10. V.N.Dobrovol*3kii and Yu.I.Gritsenko,Soviet 

Physics-solid state 4,2025 (1963).
11. G.C.Smith,Bull.Am .Phys.Soc.14,370 (1969).
12. A.G.Redfield,Phys.Rev.94,526 (1954).
13. A.Korn,R.A.Arndt,and A.C.Damask,Phys.Rev.1 0 6 ,938(1969).
14. O.H.LeBlanc Jr.,J.Chem.Phys.35,1275(1961).
15. G.D.Thaxton,R.C. Jamagin, And M.Silver, J .Phys. Chem. 

6 6 , 2 4 6 1 ( 1 9 6 2 ) .

16. J.I.Katz,S.A.Rice,S.Choi,and J.Jortner,J.Chem.Phys. 
39,1683 (1963).

17. R.Silbey,J.Jortner,S.A.Rice,Antf M.T.Vala Jr,J.Chem. 
Phys.43,2925(1965).



- 10.

18. R.M.Glaeser, and R.S.Berry,J.Chem.Phys. 44,3797 (1966).
19. Chojnackl, Molecular Crystals 3,375 (1967).
20. H. Frohllch and Sewell,Proc.Phys,Soc. 74,643 (1959).
21. O.H.LeBlanc Jr ,J.Chem.Phys. 39,2395 (1963).
22. R.W.Munn and W.Siebrand,Phys.Rev.B,vol 2,No.8,3435 (1970).
23. Martin Pope,Scientific American 216,86 (1967).
24. Martin Pope and Hsrtmut Kallmann,Discuss. of Faraday Soc. 51, 

p . 7 (1971).
25. J.Dresner,J.Chem.Phys. Vol 5 2 ,No.12,p .6343.



Chapter IX 
Drift and Hall Motilities

TMa chapter consists of two main sections as follows:
A. Elementary theory of the Hall effect.

This section deals with basic definitions and 
description of the Hall effect.

B. General theory of the drift and Hall mobilities.
Exp res si on a of the drift and Hall mobilities, in the 
general case of a statistical distribution of drift 
velocities, are derived by solving the Boltzmann 
transport equation.
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A. Elementary theory of the Hall effect.

The usual geometry used to describe the simple Hall 
effect is shown in Fig. 2.1. A longitudinal current 
is flowing in a sample in the shape of a rectangular 
parallelopiped. On applying a magnetic field in a dir- 
rection normal to that of the current, along the 2- axis 
in Fig. 2.1, charge carriers are deflected due to the 
Lorentz force given by C( Y  X B .

Positive charge carriers acquire a velocity component in 
the negativey-direction.

If no current is allowed to leave the sample in the y-
direction, charges will accumulate on the sides normal to
y — axis. This charge accumulation produces an electric
field E- which in turn exerts a force on the charge car- H
riers opposite to the Lorentz force. Charge accumulation 
will continue resulting in an increasing value of 
until it produces a force equal in magnitude to the 
Lorentz force. With this value of the field E.̂ the net 
transversal force on the charge carriers will be zero 
and there will not be any more deflection as they travel 
across the sample.
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The electric field E- is called the Hall field and itp
is given by the Condition of zero force as follows:

= “1 - X- (2.1)
&H=*-yx6 (2.2)

with the configuration of Figure 2.1 equation 2,2 becomes

S  = C2-'5)
The longitudinal current density C£ la given by

Tol = M
where n is volume density of the charge carriers. 
Substituting equation 2.4 into equation 2.3 it becomes
S  = It %  /*? (2*5)
The Hall Coefficient is defined by
R H = fjx ^  (2.6)
The Hall mobility is defined a3

Rh (2.7)
Wherec/ is the conductivity in the x- direction.
From (2.6) and (2.7) is given by

= e'^nhx %  (2.8)

(2>9)

therefore can be written as

^  = (2-10)
In this simple analysis equation (2.5) and (2.6) lead
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Since gr" —  77 ̂ ŷ j) (2.12)
Where is the drift mobility in thejx- direction,, 
plugging equations(2.11) and (2.12) into equation (2.7)

This simple equivalence between the drift and Hall 
mobilities results from the assumption that all carriers 
will have the same drift velocity. In general, this is 
not true as will be shown later on ( page 19)* Therefore 
a general treatment using the transport theory is necessary 
to derive expressions for both drift and Hall mobilities.

The Hall field results in a Hall voltage
given by (see Pig. 2.1)

Equations 2.6, 2.7, and 2.5 will be used as definitions 
in the next section.

B. General theory of the drift and Hall mobilities.

In all of the following analysis only one type of 
charge carrier will be assumed responsible for con­
duction, although the analysis applies equally well for 
either type.

The Boltzmann transport equation is usually written as:(1)

it reduces to (2.13)

(2.14)

(2.15)

(2.16)



6-

Where ■F(r,_P,-fcJ d f d r  is the number of particles 
in the volume element df around j[ i31 the momentum 
volume element d P around P at time • £" is ‘t̂ie force 
on the particle,V is the velocity of the particle, and 

is the rate of change of the distribution function(!£Li
due to collision.

In the steady state rr O and equation (2,16) becomes

-(ifL, <2-,7>
If the medium is homogeneous, p does not depend on the 
position and p will be zero. For an electron moving 
in a magnetic field JT = + (2.18)
In this case the Boltzmann equation reduces to

-e (£+ yxB). 7Pf = f f i j Cg// <2.t»)
In the absence of external fields and at thermal equi­
librium p is given by the Fermi-Dirac distribution

i  =  Ufik-trffkrl +  (2-20)
Where is the Fenai level. When there are external 
fields which cause-p to change only slightly from 9 
different degrees of approximations ^ ) are for
the term collision. In thi3 work the so-

called relaxation time approximation is used in which 
| 3£j t i l a 't  i 3 »  r a 'f c e  change of

Coll
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due to collision is proportional to the negative of 
the change from the equilibrium value.

Substituting this expression j| ^  equation
(2.19), the Boltzmann equation tikes the form (2.21)

-eU,i-\£xfe).v?{ - <2-21>
A method developed by Jones and Zener^5)ia used to

solve the Boltzmann equation. A new dependent variable
is introduced such that ■£ -ss —  cf> (2.22)^ ĉ >

is now to be determined from the solution of the
Boltzmann equation (2.21). The velocity of the electron
is the group velocity, given ^7 (2.23).
Since P •= 7̂ k , thus ST, = X  (7 (2.24).- - ' i t i  -K
The term ̂  is now evaluated:
7?f = j. = ± . [ 7 ^ -  ( s ^ ^ l k - c p y ^

Since ̂  is a function of £  only, therefore
vs f0 = 7k e. = ̂  ifr (2.25)Also — ir *3 r

Therefore Vp f - V ( )  “ TT *?k<P f2 ■ 2 6 J 
with this expression forVpf , the termlVjf^j. Vpf
become& *

'[VXBJ. Vpf=(y,6j

since



 “  2>”fo I [2

(2.27)

where is the vector operator defined by

* 3 - = % t x y < <  ( 2 -2 8 )

If equations (2.22), and (2.27) are substituted in the 
Boltzmann equation (2.21), an equation for the variable 
epfcl is obtained as:
c£3//£" +  -̂ L £- 2, ~t~ "^5 — * ■*?- cp = O  (2.29)
In deriving equation (2.29), terms in £? and£L(£>are neg­
lected since equation (2.22) is considered as a first
order expansion of*f in powers of £.. The solution of 
(2.29) will be shown to be consistent with these approx­
imations.

Jones and Zener(3) aolved this equation by iteration. 
They expressed cp in ascending powers of B as follows?

e l T B . £ r(1 B.ZL(Q.£.7 k & )j+ . j <2-*»
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The density of states per -unit vorume in the K space is 
'X Tfj3 where the factor 2 in the numerator accounts

for the jtaro possible orientations for the spin. The 
current density due to electrons is therefore given by:

~  C2.31)
all y  6 pace ^  tttl *  s ra c e

Prom equation (2.20), it follows that
Ma. _  -  fo(l-fo) Ik-T (2.32)
it. 1
If the density of electrons in the conduction band is
small enough so that -f0 J , i.e., if the system is 
non-degenerate so that it may be described by classical 
Boltzmann statistics, equation (2.32) reduces to 
1^. =  -fo/K-f- <2-33)
and the current density is then given by
j _  - e  j  . Cy<pfa 6k (2.34)

4-TT3' k■-ralli^lace
To derive an expression for the drift mobility the mag­
netic field B ia set equal to zero and the electric field 
£. is assumed to be in the x- direction. The solution for 
in this case is given by

eP =  - - e . ' ^ L ' L  (2.33)
substituting this value of<̂ »in equation (2.34) die current 
density in the x- direction becomes

r  = _ c i  tor. </k (2.36)
4 iri H"r J

Since the density of carriers is given by

n — _L. Cf dk (2-37)
Airs J ° -
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equation (2.36) can be written as - Tx 7̂ 7"*
,\ Jx - ? | (2.38) Since Jx —  

where is the drift mobility in the x- direction
■■■Md = <'tyS>  (2*59)
Similar expressions follow for the rest of the com­
ponents of the drift mobility tensor.

To derive an expression for the Hall mobility, external
fields are assumed in the following forms:
&  =  £-x i + £-h y (2.4-0)

5  ~  ̂ (2 .41)
With these fields equation (2.30) for cp becomes;
<P = ^ 1 1  l + g ? e 7^ 7w x$ i + L M ]

(2.42) '
Substituting equation (2.42) in equation (2*34) for 3, 
the y- component is given by

^ " l̂ rfi To t - +  -

f e j * 3 =n-* + £  d ~  ( 2 ' 4 5 )

Since £-x -f £7yy £_ ̂  (2.44)
and since for the configuration considered in Figure 
(2.1), in the steady state jf̂  -sr Q, etl. C 2.43)leads to(2.A5).

irHrr-ojk C £  (2.45)

<5ry < 7 r ^ >
n



Since in the absence of a magnetic field J ^ o  * 'tlle term 
must be negligibly small. The second term in 

the denominator is a magneto-resistance term. This effect 
was measured by Frankevich and Sokolik,(5>They measured a 
variation in the photo current as large as 8$ when 
anthracene crystals were placed in a megnetic field of 3 
kilogauss* However, it is believed that this Frankevich 
effect is significant only for light intensities greater 
than 1018 photon/cm^. sec. The effect was not reported 
for lower light intensities. This term introduces a 
quadratic term in the Hall mobility. In the range of mag­
nitude of magnetic field where linear terms are dominant 
it is reasonable to neglect the second term in the den­
ominator of equation (2.45).
From equation (2.15) the Hall mobility is given by
yUh = * "therefore equation (2.45) leads to
mu - e (2#46)

A3-80 tfyv = Bz > (2.47)
expanding the operator ,sn_ aa defined by equation (2.28), 
the term becomes

<̂̂ 1̂  HtfL-iH&p-Kt Y* (2*48)
Where is the symmetric effective mass tensor defined 
hy

‘j *Kj ' (2*49)
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Two simplified models are usually considered for the 
dependence of ̂  ofl H •

1. Constant relaxation time.

2. Constant mean free path.

When the first model is considered, namely constant 
the second term in equation (2.46) vanishes and is
then given by ̂  ̂ 6 ~ ̂ (2.50)

If the second model is considered i.e. constant free path 
A ft is given by ^  - -A—  (2.51)

\ m ) i

The second term in equation (2.48) can now be expanded 
as follows:

^CZ'U.V, \ >  (2.52)
J  &  d K x  ' /

equation (2.52) can be written as

O S l r \ v j ) 7  -

On applying Green's theorem to the first term on the 
right side of equation (2.53) it vanishes, and the second 
term reduces to

<ryx -v* ) >
(2.54)
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Substituting equation (2.54) in equation (2.48), the Hall 
mobility for a constant free path becomes
U. _ e  (2 Y*Vt. M/x -  M y y ) >  ------

~ ( 2 - 5 5 )

Xf s Hall current , is to be measured,£. is -then zero 
and •

The Hall mobility is then given by
f*u=Ju/jx B7 (z-56)
The solution of the Boltzmann equation then leads to

(2.57)iijjk-tp~ ̂  (rtv*si-z)yx'> +  —

>  --fa BZ & Vx ̂ 2 ^  VX>

On applying an analysis similar to the one used fb r Hall 
voltage the Hall mobility is -then given by

_i<r C &  Ni M** +  ̂ V j j  - l " & >  . (2.58)

As shown from equations (2,58) and (2.55) ^or Hall
voltage is in general not the same asy^for Hall current 
for an anisotropic material like anthracene.

The above equations for Mu and Mo can be applied to 
positive charge carriers i.e. holes if e is changed to 
—e and the energy, is changed to .
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Chapter III
Measurement of linear compressibilities of anthracene 

and determination of a possible set of elastic constants

Evaluation of the drift and Hall mob'lities as given 
by equations (2.39) and (2.55) requires knowledge of the 
band structure of anthracene, i.e. the dependence of the 
energy^on the wave vector K. Since the averaging pro­
cesses shown in these equations are performed over tne 
first Brillouin zone it is necessary to know the geo­
metry of this zone. Both the band structure and the 
first Brillouin zone depend on the lattice parameters 
of the anthracene crystal as will be shown in Chapter 
IV. If the mobilities are to be calculated as functions 
of pressure, the variation of the lattice parameters 
with pressure must be determined first.

There are two types of interactions in molecular 
crystals of aromatic compounds, e.g. anthracene. The 
atoms in a molecule are strongly coupled via covalent 
interactions (intramolecular interactions) and the 
molecules are held together with weak wan der Waals 
interactions (intermolecular interactions). Obviously 
the intermolecular distances are shortened first under 
pressure. Because the intermolecular interactions are 
relatively weak, these crystals may be expected to be 
quite compressible in the pressure range up to 100 
kilobars. Dispersion forces between conjugated j I—
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electron systems are anisotropic, therefore volume 
compressibility data are not enough to determine the 
linear compressibilities. Although these linear com­
pressibilities can be calculated from the elastic con­
stants in the linear approximation, the latter are only 
approximately known. Therefore direct experimental data 
on the linear compressibilities are necessary for these 
crystals.

For the sake of continuity this chapter is divided into 
two main sections as follows:

A. Experimental detenniations of linear compressibilities 
of anthracene using neutron diffraction techniques. 
This section contains information necessary for the 
rest of the thesis.

B. Determination of a possible 3et of elastic constants 
which is consistent with the measured linear com­
pressibilities.
This section involves further manipulation of the 
data and is independent of the rest of the thesis.
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A. Experimental determination of the linear compressi-
1)1111168 of anthracene.
Experimental procedures and apparatus.

1. Purification of anthracene.
Measurements involving charge transport in anthracene 

require single crystals of high purity. Impurities and/ 
or defects can act as charge trapping centers which may 
change the properties of this material.( »2,3) High 
purity single crystals were prepared as follows, 
commercial grade synthetic anthracene (Eastman H480) 
was purified by vacuum sublimation and zone refining.
All purification processes were performed under yellow 
"safe1* lights to prevent photo-reactions from generating 
impurities* The major impurities in synthetic anthracene 
have been isolated and identified. These are anthra- 
quinone, anthrone, bianthryl, and 9, 10-dihydroanthracene.
Vacuum sublimation

Purification was started by vacrum sublimation. The 
apparatus used for this purpose was a combined sub­
limation and zone refining tube shown in Figure (3.1)*
60 grams of synthetic anthracene were loaded into the 
left-hand bulb, the filling tube sealed, and the apparatus 
pumped down to a pressure that was les3 than 50 microns. 
The left-hand bulb was placed in a furnace, maintained 
at a temperature of 145° c, arid the anthracene sublimed 
under continious evacuation into the second bulb. The 
most volatile imnurities were pumped off and trapped.
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When approximately 95^ of the anthracene had passed 
over to the second bulb, the fura-'ce was turned off and 
the remaining 5# impure anthracene was sealed in the
first "bulb by melting the constriction between the 
first and second bulbs. The apparatus was flushed 
twice and filled to i atmosphere with pure nitrogen 
(research grade). The remaining bulb and zone refining 
tube were then sealed off from the vacuum system and the 
anthracene was melted into the zone refining tube afcd 
allowed to solidify from the lower end of the zone 
refining tube.
Zone refining

The next stage was zone refining. This was carried 
out on a Fisher zone refiner, shown in Figure (3.2)
The refining was carried out in thick-walled, 20 mm,
Pyrex tubing to reduce the possibility of breakage 
which could occur as a result of the large expansion 
on melting which is characteristic of organic compounds.
Better segregation was obtained by the use of air coolers
above the heaters to stabilize the width of the molten
zone. Another precaution is to start zone melting at
the free surface to avoid tube breakage. The presence 
of an inert gas in the t’.be prevented serious sub­
limation of anthracene up the tube. About 50 zones of 
-£■" to 1" in length were passed down a 14" column at the
rate of one inch per hour. The heaters were maintained
at the lowest temperature that would permit the forma-
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tion of a good zone so that thermal decomposition could 
be minimized.

The most obvious change of the anthracene column dur­
ing zone refining was the concentration of yellow anthra-
quinone together with some dark brown material at the 
lower end of the tube. Impurities which lower the 
freezing point of the host substance, anthracene, traveled 
with the molten zone, and tended to segregate at the 
bottom end of the anthracene column. These impurities 
have a segregation coefficient that is less than one.
(The segregation coefficient is defined as the ratio of 
the impurity mole fraction in the solid to that in the 
liquid^}) . Impurities which raise the freezing point 
traveled in a direction opposite to the direction of 
motion of the molten zone and therefore tended to 
segregate at the top of the anthracene column. These 
impurities have a segregation coefficient that is greater 
than one. An impurity such as carbozole has a segrega­
tion coefficient that is approximately one and is there­
fore not efficiently removed by zone refining, however
the synthetic anthracene used did not contain carbozole.
When the zone refining was completed, the tube was
cracked open and the upper and lower ends were rejected. 
The center portion of the anthracene column was then
combined with a similar material and loaded into com­
bined sublimation, zone refining, and crystal growing 
tubes. The material was then sublimed as before, and 
melted into the combined zone refining and crystal
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growing tubes. The material was then zone refined.
After this second zone refining, the top end of the 
column was melted into the empty sublimation bulb. The 
center portion of the oo lumn was then melted into the 
crystal growing tube which was then sealed off from 
the zone refining tube. In this way the transfer was 
effected without exposing the anthracene to atmospheric 
oxidation and the crystal was grown in the same atmo­
sphere as used for the final zone refining.

2. Growth and quality of anthracene crystals.
Crystals were grown by the Bridgman method in which 

controlled cooling is carried out by slowly lowering 
the crystal growing tube at a rate of one inch per day 
through a vertical temperature gradient from the hot 
to the cold end(6).  ̂suitable temperature gradient
was obtained by arranging two isothermal furnaces, as 
shown in Figure (3.3), such that the upper furnace was 
at 240°c and the lower furnace was at 205°c. (The melt­
ing point of anthracene is 217°c.)

A diagram of the crystal growing tube is shown in 
Figure (3.4). The tube was suspended in the furnace, 
as shown in Figure (3.5), so that the tip was just below 
the melting point isothermal, and the lowering mechanism 
was then turned on. Crystallization was begun by cool­
ing the tip of t e tube. This prevented supercooling 
and the subsequent formation of multicrystals. As the
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tube is lowered, crystallites grow until, just below 
the bent capillary, several large crystallites occupy 
the tube. The bent capillary inevitably selects a 
particular seed which grows into the upper tube as a 
large crystal. If the angle between the capillary and 
the tube axis is less than 45°, the a b cleavage plane 
will grow parallel to the tube axis. If the angle is 
greater than 45° it will grow perpendicular to the 
tube axis(7), When growth was complete, the crystal 
in the tube was removed from the lower furnace and al­
lowed to cool rapidly for a few minutes to let the 
crystal break away from the tube wall. There was 
usually a crackiig sound as this occurred. The crystal 
and the tube were then returned to the lower, anneal­
ing furnace and cooled to room temperature over a 
period of three days. After this period, the crystal 
tube was opened and the crystal boule was easily slid 
from the tube because the inside surface of the crystal 
growing tube had been treated with "Dow Coming 200" 
silicone release agent, dissolved in methyl ethyl ket­
one. After treatment, and before filling, the tube had 
been baked for one hour at 275°c. The release agent 
reacted chemically with the glass airface and when a 
crystal was grown, contamination of the crystal, due 
to the release agent, did not occur.



- 5 6 -

No impurities were eluted in a gas chromatography. 
Therefore, it was concluded that the total impurity 
content was less than 1 P.P.M. The final purity and
structural defect concentration of the material was 
checked by the triplet lifetime which was found to be 
between 20 and 2-1 m. sec., equivalent to the longest 
which has been reported^®).

Cutting, orienting, and shaping a sample from 
& o^rstal boule.

A crystal boule usually had 3ome cleavage cracks. 
Applying pressure with a razor blade in the direction 
of the crack readily cleaved the crystal apart. The 
cleavage face is the a b plane. The location of the 
ji direction in the plane was obtained by a polarizing 
microscope(9) and checked by observation of the double 
refraction of the crystaldO)^ With this information 
and knowing the relative directions of the b̂ and o' 
directions^"11 , -gae crystal could be cut in any desired 
orientation of the a, Ij, or of directions Figure (5.5). 
After orientation, the crystal was cut with a string 
saw using xylene as a cutting medium. An optical fin­
ish was obtained by polishing the crystal on a glass 
slide covered with a "Kleenex” tissue, soaked in xylene.
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FIG. 3.5. Orientation of an anthracene 
crystal by double refraction
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Neutron diffraction experiment;
This experiment was perfo raied at the High Flux Beam 

reactor of Brookhaven National Labotatory. A mono­
chromatic heam of neutrons of wavelength 2^609 A was 
Bragg reflected off a single crystal of anthracene. The 
heam was obtained from the COO2) reflection of a pyro­
lytic graphite monochromator^12f13). The half wave­
length component was essentially removed by means of a 
pyrolytic graphite filter. The Bragg angles of reflect­
ion were measured with a precision of 0.02°. Two samples 
in the shape of a rectangular parallelopiped were used.
The dimensions of the samples were 2x3x6 mm and 2x6x3 mm 
in the j/xaxb directions resoectively.

A gas pressure system using helium as a pressure 
transmitting medium was used. The system consisted 
mainly of two sections, a low pressure section, and a 
high pressure one.

A two stage air-operated compressor was used to pump
the whole system up to two kilobara (American Instruments 
Company No, # 46 - 14021). The pressure in this
range was measured by a Heise dial gauge which was also
used to calibrate a manganin wire resistor whose resist­
ance varies linearly with hydrostatic pressure in the 
pressure range of interest in this experiment. The 
resistance was measured by a d.c. bridge.
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Above two kilobara the low pressure section was iso­
lated by neans of a high pressure valve. An Enerpac oil 
hand pump was then used to pump up the piston of a pres­
sure intensifier which has a ratio of 1 to 15 (Harwood 
Engineering Company, Inc., No. A 2.5J Laboratory type 
intensifier for gas service to 200,000 P.S.L.). The high 
pressure section was thus raised from two kilobars to a 
final pressure up to 5.4 kilobars. The pressure in this 
range was measured by the variation of the resistance of 
the manganin wire resistor. An aluminum cell with a 
cylindrical vertical bore was used as a sample chamber. 
The cell was bolted to the tray of the neutron diffrac­
tion spectrometer.

Procedure.
A computer program using the published values of the 

lattice parameters of anthracene^ "*4) determined the ap­
proximate positions and intensities of the different 
Bragg reflections. The strong ones, namely, (020),
(200), and (003) were selected for measurement. The 
variations of the lattice parameters with pressure were 
determined from the shift of the Bragg reflection angles 
with pressure.

Results
Figures (3.6 -3*9) show the lattice parameters a, 

b,c, and p of anthracene as functions of pressure up to 
5.4 kilobars. It i3 clear from the figures that up to 
this pressure the parameters are linear with pressure.
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The data were therefore fitted to straight lines using 
the least squares method. The equations of these best 
lines are as follows:
a = 8. 54-6(1--oo 496PJ A <3.0
t> = 6.OH (l - .0O286P) A (3.2)
C  =  IU6.?(1  -  , 0 o 3 T 7 P j  A (3 .3)

P = 13 . O O O  b'fPj degre 33 (3*4)
where P is in kilobars.

Prom the above equations it can be noted that the lin-* 
ear compressibility along ^ is very close in magnitude 
to that along _c and about half that along a. The volume 
of the uni't cell is given by
v= abc <3*1$ C3.5)
For small changes in the lattice parameters the frac­
tional change in volume is given by

-haP Cdt(Pj (3 .6)

Pig. (3.10) shows the percentage variations in afbFcf 
p as well as v as functions of pressure.

Comparison with previous data.
The most recent measurement of the volume compres­

sibility of anthracene was done by Vaidya aid Kennedy(15)# 
Their results show a change of volume of 5.5# at 5 kilobars 
and the value calculated from this work is 5.8# in fairly 
good agreement. Rice and Jortner^^) noticed that the 
volume compressibility data of a number of aromatic
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crystals (i.e. naphthalene, anthracene, biphenyl, 
terphenyl, and substituted benzenes) as measured by
Bridgman^and by Kabalinka^8  ̂do not differ from
one compound to the other by more than 20# up to 50
kilobars. That led them to construct an approximate
unified volume compressibility pressure curve for a 
generalized molecular crystal of aromatic molecules.
They also used these generalized data together wi tn 
the data of linear compressibilities of linear poly- 
phenyls as measured by Kabalinka^18) to construct a 
general linear compressibility curve for a model mono­
clinic crystal. Table 3.1 summarizes the above results. 

From table 3.1 it can be noticed that the volume
compressibility calculated from this voric is in good 
agreement with all previous data. The linear compres­
sibilities of anthracene in the a and directions are 
slightly smaller but very close to those introduced by 
Bice et al (within 10#). The linear compressibility of
anthracene in the c: direction is almost 40# larger than 
that of Rice et al. However, we would like to point out 
here that even the linear polyphenyls upon which Rice 
et al based their model differ in their linear compres­
sibility in the _c direction. Therefore, we conclude that 
the available data justify speaking of general linear 
compressibilities for a model monoclinic crystal in the 
a and b directions but not in the c direction.
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Linear

Vaidya 
e t al
Bridg­
man

Kaba-
linka

Rice 
et al

This
work

Table 3.1

and volume compressibility data of anthracene.

an thrac ene b iphenyl t e rphenyl quat e rphenyl
5 10 10 kilo- 10 kilo- 10 kilo-
kilo- kilo- bars bars bars
bars bars

Av/v .055 .091

A V / V .057 .09

Aa/a .o54 .054
Ab/b .030 .030
Ac/c .022 .014
4v/v .083 .106 .098

Aa/a .054
Ab/b .030
AC/C .020
*P/P
Av/v .095

Aa/a .0248
Ab/b .0143
Ae/c .0139
a P/P .0034

a t /v .058

.054

.030

.005
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B. A possible set of elastic constants of anthracene.

The linear compressibilities of anthracene can in 
principle be calculated from the elastic constants in 
the linear approximation, as will be shown later. Three 
3ets of elastic constants of anthracene have been de­
duced experimentally by Afanaseva et Huntington
et al^O)^ Danno et al(21)̂  in all cases the ultra­
sonic velocities were measured along specified directions 
and the elastic constants were obtained by solving the 
Christoffel equations^20).

This procedure involves both experimental limitions
in measuring velocities e.g. high attenuation, small 
specimen size, inhomogenities in the material, transit
time correction, as well as computational errors in 
calculating the elastic constants, Huntington et al^O) 
have stated that the velocity measurements have only a 
marginal accuracy of, at best about 2̂ , often consider­
ably worse. The propagation of random errors affect 
some constants more than others, depending on the data
reduction procedure. A fourth set of elastic constants

(2 2)was derived by Paw]ey using the atom - atom potential 
model proposed by Kitaigorodskii^23).

In the next two sections we first show how the lin­
ear compressibilities are calculated from the elastic 
constants and then we discuss a trial to improve the 
available values of some of the constants using the ex-
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perimental values of the linear compressibilities.
Calculation of the linear compressibilities 

from the elastic constants in the linear approxi­
mation.
Hooke's law when applied to an a- isotropic material 

takes the form

compliance tensor. There are 9 equations of the form 
(5.7) for different values of i and Each equation 
has nine terms corresponding to different values of k 
and 1. The tensorg therefore has 81 components. If 
equations (5.7) are solved for the stress components 
equations (5.8) ar.; obtained

where £l(j are the components of the second rank strain 
tensorf cr£o 'tiie components of the second rank stress
tensor, and j are the components of the fourth rank

where the 81 C. ,■ are the components of the fourth rank
stiffness tensor.

The c iik? obey the following sym
metry conditions:

^iikf - sjixf 
%  k t

Cijkf = CJi(<̂

(5.9)

(3.11)

(3.10)

(3.12)
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Equations 3.9 - 3.12 reduce the number of independent 
components of 0  .. * and C 3& components each.

I  i IS  I f  ( Jij k t
The matrix notation.

The symmetry of and C- j i n  the first two and
last two suffixes makes it possible to use the matrix 
notation as shown below. Both the stress components and 
the strain components are -written with a single suffix 
running from 1 to 6:

(3.13)
'<1 <*12

'

*31 °52 ^3
_*3i °32 ^33
and
£ l / CI3
Sf ^3
C31 3̂2 c33 1/3 h C4-

(3.14)

In the *0̂ yp and C j ^  the first two suffixes are abbre­
viated into a single one running from 1 to 6, and the 
last two are abbreviated in the same way, according to 
the following scheme;

Tensor notation 11 22 33 23,32 13,31 12,21
Matrix notation 1 2 3 4 5 6
At the same time factors of 2 and 4 are introduced as 
follows,
tO ('j^=r when both m a^d n are 1,2, or 3,

Wf}
when either m or n are 4,5,or 6,
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4^ijkf= >̂mr) when both m and n are 4,5, or 6.
Now consider equation (3.7) written out for ^  aid

S II31% i- SIIS1̂  +5>m%+ 6 ?3 ?(<£,+ S 3323 <5,+ 6 j „ ?
5 //?/°3/+5M3?^ +  5„33<^3 53337<^3+63,33(|'3

In the matrix notation these two equations become:
C l = S l j <5j ^  c + = S 4-j<»j
In general, therefore, equation (3.7) takes the shorter 
form . , ,

^  =  6 (j Oj ( ‘/ J - t 2 /  -4J (3.15)

The reason lb r introducing the 2*s and 4*s into the 
definitions of the -*-s appearance of
2*s aid 4*3 in equation (3.15) shd "to make it possible 
to write this equation in a compact form.

For the (T^j^no factors of 2 or 4 are necessary.
For if we simply write —fi)
it may be shown that equations (3.8) take the form
ffi =  l h 1=1,2, ■ 6) (3.16)
Therefore in this notation the arrays offhand C^j
are 6x6 matrices while  ̂aj* J and ^ a r e  6x1 column
matrices. It should be pointed out here that, in
spite of their appearance with suffixes, the Sg
and C  ■ are not components, and so do not transform * J
like the components, of a seoond rank tensor. To
transfer them to other axes it is necessary to go back 
to the tensor notation.
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therefore are written out as follows

The effect of crystal synnietry
The presence of symmetry in the crystal reduces still

further the number of independent and C^j • In
the case of monoclinic crystals like anth racene symmetry 
elements reduce the n mber of independent components in 
each of (6( jj and(C( j'j to 1 3 comoonen ts. The arrays of
6 <j 311(1 C ij

^11 ^ 3  °  **15- 0

°  ^?5 o
53l %  O 635 0
O O O  % ^ 0  ^ 4 6

% /  5̂2 6 53 0 0
L o o <y 56a o Sm

andfC[, CiZ C(3 O 17)

C 2I C22 C33 0  ^2fjD

CV C12 C3* 0  °
O O 0

Cf)3 CfH ° °V>0 
O O o C&4 . 0 Q t

Prom equations (3.15) and (3.16JJ it is clear that the matrix 
I'Dj-jJ is equal to the matrix |QjJ which is the inverse of 
the matrix

Further restrictions on the constants.
?he work necessary to produce a strain called the 

strain energy, is
£ Ct j C <'C j  (3 .1 8 )

This energy must be positive, for otherwise the crystal
would be unstable. This means that the quadratic form
(3.18) must be positive definite, that is, greater than
zero for all real values of the C; unless all £• are** czero. This implies further restrictions on the<5(*j
and C j



The sufficient conditions that the strain energy is 
positive are(24)

-II ■ ■ C.im yo for all Tf\ <  g  (3.19)

C-mi Cm*i
Volume linear compressibilities.

Volume compressibility.
We first calculate the proportional decrease in 

volume of a crystal when subjected to unit hydrostatic 
pressure, i.e., its wlume compressibility. In equation 
(3.7) is substituted as— . Then

C ij =  = -PS/jKK (3.20)
The dilation A  is given by

A  «.£„■==-P*akH (5-21)
The volume compressibility is-Aand is therefore eqpnal

~V
to 5 .., f IKK

Linear compressibilities.
Under hydrostatic pressure P the stretch of a line 

in the direction of a unit vector with direction cosines

= - P 5U K K ^ j  <5-25)
The linear compressibility^ therefore
C* =S.. Af. ' (3.24)
For a monoclinic crystal the direction cosines of the 
crystal axes are as follows



The linear compressibilities along the crystal axes, 
written in the matrix notation, are therefore given by

=  5 II +  V - S I3a ■■ '2

+ %-? +
°<V 1̂2+5,Jjc«3(fĉ/s„v-a,3 + ̂Jj5W|l>.jt. 2g

!Si5+5j,5- -̂s/ yJsin(f.J C«s|R>J
Where P0 is the atmospheric pressure value of the mono- 
clinic angle P
P under hydrostatic pressure is given by
C 0 5 (P) =  ( s + a s! ■ (C-tACl_ _ _ _

|a+flaJ]C+ J C |

If the cosine is expanded up to the linear term and 
the right side of equation (5.27) is also expanded up 
to linear terms in the strains, equation (5.27) leads 
to Af =  =  ?[(5n+^/j+-5njsin(feJcos(f)(1j_

(6'3 + .1 (3.28)
Where|5̂ jJ-(̂ jj as shown before. Equations (3.26) and
(3.28) summarize the procedure of calculating the 
change of the parameters a,b,c, and^ with pressure from
the elastic constants in the linear approximation.
This procedure is very well justified since the experi­
mental data presented in this work indicate a linear 
dependence of the lattice parameters on pressure up to
5.4 kilobars, For reference purposes equations (3.26) 
and (3.28) are rewritten in Table 3.2,
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Table 3.2
Lattice parameters are written in the form 
xr 1-*<p)

parameter pressure coefficient

crystal axis a 6 „ + Sj;,+ S ,3

crystal axis b 5|J +  S j j  +  Sj3

crystal axis o (^n + sia^s,3]

+ ls i5+ s 3’5  injjy Caslh)

monoclinic 
angle ft

"K 0s" ̂ 5l3 -
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Table 3.3 shows the values of the pressure coefficients
as calculated from the four sets of elastic constants 
available (19*20,21,22)̂
Table 3.3 lattice parameters are written as = — °(pj
where P is in kilobars.

P a r a m e t e r P r e s s u r e  CoefficientSc<in (Kilobar) *1
Afanaseva Huntington Danno Pawly This Work

a axis .0084 .025 .0127 .0099 .00496

b axis .0041 .0013 .0044 .00 .00286

c axis .0002 .018 -.0024 .0037 .00277
Angle p -.00228 .013 -.0040-.00007 -.00067

As can be seen from table 3.3 none of the four 3ets 
predicts the correct values of the pressure coefficients
as given in this work. This is not a surprising result 
because of the errors involved in the deductions of these
sets. Prom equation (3.15) it can be seen that the three
constants CU.  <=46. Cgg are not involved in the calculation
of the linear compressibilities, consequently the results
of this work cannot be used to improve them. However
these three constants are determined directly from the 
square of the measured velocities, therefore the percent­
age errors involved in them are only double those of the
velocities.

The results of Afanaseva et al and Huntington et al
agree on these three constants to within 6#. The
values of Danno, however, are different by as much as 25#
from the other two sets. Since Danno does not mention
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anything about the accuracy of his measurements and 
since his set predicts a large expansion in the c- axis 
with pressure* we base our discussion on the sets deter­
mined by Afanaseva et al and Huntington et al.

It is therefore fair to assume that the three con­
stants C44, C46, and G66as given by Afanaseva et al are 
accurate to within 6$. C22 is also determined directly,
therefore it should have a comparable accuracy. C33 
and C35 do not differ by more than 17$. Cn differs by 
less than 20$ and C55 by less than 30$, It is important 
to note that in the data reduction procedure followed 
by Huntington et al^*^ the quantity which is determined 
more directly is Cn -f- C 55 and this sum does not differ
by more than 5$.

The precision of the other cons-taints namely C12, C13, 
Ci5, ^25* C23 -̂3 no  ̂fc110*11 due to the pifopagation of
errors throughout the computation. Based on the previous
observations we assume C22 to be accurate to within 6$, 
c11* c33* c55* c35 were assumed to be accurate to
the difference in their values from one experimental set 
to the other.

A computer scan of the values of the elastic constants 
was done on this basis while varying C-ĵ , c25» c12* c13* 
and C23 within wider limits in a trial to find a set
which predicts the linear compressibilities correctly.
The closest set to the experimental values of Afanaseva 
et al, which gave the correct linear compressibilities
is given in the last column of table 3*4-. It is to be 
noted that variation of 0-15 from 0 to -0.32 and C25 
from -0.6 to—1.2 results in a change of about 10$ in the
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Table 3.4 Elastic

Huntington Afanseva

°11 7.2 8.52
C22 11.6 11.70

°33 17.2 15.22

°44 2.7 2.72

C46 *1.3 1.38

C66 4.2 3.99

C55 3.6 2.82

°35 -1.6 -1.87

C12 /vi 4 6.72

C13 3.3 5.9

C15 3.3 -1.92
C25 0 -1.7

C23 8 3.75

0*8 are given in units of
* A 3ign mistake in one of 
results in a wrong minus s

1.3.

Constants of anthracene.

Danno Pawley This W<
8.92 7.9 8.977
13.8 13.1 12.470
17.0 16.7 15.011
2.42 3.1
1.14 1.0 —

3.16 2.5 —

2.84 4.6 2.811
-2.88 -4.9 -1.605
4.63 7.3 9.82
4.49 5.9 6.99
-2.58 -.20 -.125
-2.59 1 .4 -.476
8.44 5.6 4.144

dyne/cm ̂
the Christoffel equations 
gn. The correct sign gives
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compressibilities. We would also like to point out that 
Ci5as given by this work is f.-irly close to the value cal­
culated by Pawly (21) Although Huntington et al gave 
positive and zero values for C-]̂ and C25 respectively, 
they indicated thab the value given for C25 i3 just an 
estimate and that C25 is probably negative. They also
mentioned thefcfc the dl fficulty in determining the 3ense 
of one of their axes may result in an ambiguity in the 
sign of C-|e-, in addition the relative error in the sum 
C15 -t- C35 is large since it involves the cancellation of 
85^ between large terms. It was because of these reasons 
that the scan was done around the values given by 
Afanaseva et al since their set gave better vales of the 
compressibilities to start with.

We would finally like to point out that because the 
standard deviations in the experimental values of the 
constants are not known it was not possible to have a 
quantitative measure of the closeness of the system 
given in this work to the experimental ones. This had
to be judged by inspection. As far as uniqueness is 
concerned the scan showed that all the systems in the
range of values between the experimental sets and the last 
one given in table 3.4- and which gave the correct com­
pressibilities were very close to the latter. All five
sets in table 3.4 satisfy the stability condition (3-19). 
It should also be known that since 10 constants had to 
be varied with small increments the scan was very time 
consuming on the computer.

We end this chapter by making it clear that by no means 
are we claiming that the given set i3 the set of elastic
constants for anthracene but it is a set which predicts 
the compressibilities correctly and it is the only set 
which is close to Afanaseva*s values.
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Chapter IV
Det>enden.ce of Band Structure. Drift and Hall Mobilities

in Anthracene on Pressure
In this chapter the hand structure of anthracene crystal 

and its dependence on pressure will first he calculated.
The results of these calculations will then he used together 
with the linear compressibilities to calculate the drift 
and Hall mobilities of excess electron and excess holes, 
in the constant free path and constant relaxation time 
models, as well as their dependence on pressure.

The anthracene crystal is monoclinic with two mole­
cules per unit cell. The unit cell structure is shown 
schematically in Fig. 4.1. The molecule with geometrical 
center at (0,0,0) is transformed into that with center at 
(a/2,^0) by reflection in the ac plane followed by the 
indicated translation.
I. Band Structure
A. Summary of nrior work.

The band structure of one e xcess electron and one excess 
hole in crystalline anthracene was first calculated by 
Le Blanc(1) in the tiĝ it binding approximation. This ap­
proximation was used because of the relatively small bind­
ing energy of the molecules in the anthracene crystal com­
pared to excitation energies of the various excited electro­
nic states of the molecule. Le Blanc based his calcula­
tions on a number of assumptions. In what follows we state 
the assumptions and discuss the validity of some of them.

1. The Hamiltonian matrix of the anthracene crystal is 
identical to one describing a hypothetical crystal which 
contains one molecule per unit cell#

This assumption is not justified since corresponding 
to the two molecules per unit cell there are two bands 
(arising from the symmetric and antisymmetric combina-
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f i g . 4 . 1

a . c r y s t a l  s t r u c t u r e  o f  a n t h r a c e n e

b . c r o s s  s e c t i o n  o f  t h e  first y  o  Bril l o u r  z o n e
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0 .8 9 4  A'
J

1 .0 4  A

c. first Brillouin z o n e
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tions of molecular wavefunctions in a unit cell) for the 
electron and two bands for the hole whereas in LeBlanc *s 
calculation there is only one band for each.

2. The crystal is rigid and consists of non-vibrating 
molecules. This will be mentioned on page 66.

3. He used a one electron crystal wavefunction for the 
excess electron or hole represented by a Bloch sum of 
molecular orbitals as given by equation (4.1) below
Vf<;rj = exp [iK, r ) (r-jfl) (4.1 >
There is the molecular wavefunction of the molecule
whose center is at f and N is the number of molecules in
the crystal. 'ft1 s understood to be oriented in the crystal
in the same way aa is molecule n. Otherwise, <p is thef}same function for all n.

4 . The molecular orbitals are linear combinations 
(Hiickel) of single Slater carbon-atom 2P orbitals.
< £ „  =  S t  U ;  ( 4 .2 )
The coefficients are determined from the secular equa­
tions given by Hiickel^) with overlap between theVl-neg—Llected.
The parameter used in the atomic orbitals is that given 
by Slater^^

u i. =  f e r j  n C o s t ?•)e x p ( - < * r - ) (4.3) 
with c x  -  U 6 +  tt.U . =s 5 .o 8 x io 8 CITT*
The calculation of the excess electron or excess hole 
band e iergie3 requires knowledge of the detailed behavior 
of the molecular wavefunctions at large distances. The 
use of a single Slater wavefunction seriously underesti­
mates the magnitude of the t ails of the wavefunction 
and therefore in inappropriate for such calculation^4)#

5. Intermolecular overlap may be neglected.



6. The potential of a neutral molecule may be taken 
as the s\im of the Goeppert-Mayer and Sklar(5) potentials 
of carbon atom.

Using Slater-type orbitals,Vis given by

vi = " e2 % " 1I4 + 6 (<*%)+ £ ):+ ± (ô. f Jexp(-a«rtJ
(4-5)

7. Only two-center integrals need be considered.
Although three-center integrals where the centers are on 
three different molecules are truly negligible because 
the interatomic distances are very large, the terms in 
which the ootential and one wavefunction are on the same 
molecule, while the other wavefunction is on a different 
molecule are not negligibly small* as will be shown in 
this work*

The results of "the calculations of LeBlanc show that 
both bands are highly anisotropic a d  each is found to be 
approximately 0.56KT wide at room temperature*

Thaxton^^ et al extended LeBlanc*s calculation to 
other aromatic hydrocarbons. Katz^^O although
adopting the same general technique of LeBlanc, refined 
the calculations by avoiding some of the invalid assump­
tions as follows* I1 hey considered the actual crystal with 
two molecules per unit cell, a id hence obtained the sym­
metrical aid antisymmetrical bands. The wavefunctior 
is therefore written as /-u./ ... , .

Where the index 1 labels the molecules which are now num­
bered so that the molecule at the corner of the cell has an 
even index while the one at the center of the cell has an 
odd index.
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To account properly for the behavior of the molecular 

wavefunctions at the large intermolecular distances rele­
vant to the problem considered, Katz et„.al used carbon 
atomic orbitals represented by the best available Hartree— 
Pock SGF carbon 2P ground state function involving a linear 
combination of four Slater-type functions. These atomic 
orbitals are given by equation (4.7) below

Wherefl*is the unit vector defining the direction of the (•2P orbital. The coefficients Of and orbital exponents atj 
are those given by Clementi and RoothaanC?). Katz et al 
calculated the bandwidths to be of the order of 0.1 e.v. 
in the a~1 and b“** directions, the symmetric and anti­
symmetric bands are degenerate at the zone edge. The 
electron bands are appreciably split in the c”** direction, 
but not the hole bands. Silbey et al( modified the 
calculation of Katz as follows,
(a) The effect of molecular vibrations is included by 
taking the molecular wavefunctions as the product of an 
electronic part and a vibrational part. This represent- 
tion corresponds to the weak-coupling limit of vibronic 
interaction, i.e., the nuclear part of the Hamiltonian 
is diagonalized before the crystal field part. Using 
this approximation, they took symmetrized wavefunctions 
of the entire crystal with an excess or deficency of one 
electron in the form

v ±  i!<) e t  a )

JW-IxT M ).
1*0 (4.8)

kWhere^ is the lowest unoccupied molecular orbital of a 
molecule for electrons and the highest occupied molecular
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orbital for holes, the <Ĵ are the a occupied molecular 
orbitals of molecule L *>ar over c£> means that the 
electron in that molecular orhital has^apin, and̂ Ĉ is 
the groimd state vibrational wavefunction of the molecule. 
It is assumed that all the vibrational wavefunctions are 
the same except for that of the molecule with an excess 
electron or hole. It should he noted here that the wave­
function (4.8) is the wavefunction of the entire crystal 
with an excess electron (or hole) and not that of the ex­
cess electron (or hole) alone. This formalism implies, of 
course, that every electron or hole band is split into many 
bands, each characterized by a vibrational wavefunction.

The K«0 levels of these bands will be separated by the 
vibrational quantum, which in aromatic molecules is of 
the order of 0.2 e.v. Their calculation gave bandwidths of 
the order of 0.01 e.v. a d thus the bands are well sep­
arated .
(b) The potential of the Tl neutral molecula was taken to

be v; U--r«) = Ir-Jn] - Kn (4.9)
Where I t i s ,  the Goeppert-flayer and Oklar potential 
used by Katz, Kii. the exchange potential of the (^mole­
cular orbital on the molecule.

In their origi al paper they calculated the mobility 
tensor, in both the constant free time and constant free 
path approximations, and the widths of excess electron 
and excess hole bands using different vibrational over­
lap. However, the nrogram used to calculate the exchange 
effects on the energy was in error. In a later erratum(9) 
they corrected the program for the exchange energy. In 
calculating the mobility tensor and the bandwidths they 
only considered the case where the vibrational overlap 
squared has the value 1.0. With this correction they 
concluded that th: calculated ratios of the components
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of the mobility tensor are in fair agreement with experi­
ment for the hole, but not for the electron.

Glaeser and Berry^10) calculated the band structure 
talcing into account the exchange effects and the effects of 
polarization, by the excess electron (or hole), of the 
electrons on neighboring molecules. They took the tight- 
binding wavefunctions to be a linear combination of local­
ized crystal functions v^as follows

=  'f:[± f z x 9 W s - T e ) i t >  u - 1 0 )
The summation alternating over equivalent and i*equivalent 
molecules to give the even and odd symmetry-adapted 
functions^ 4-̂ #

The localized crystal wavefunction taken to be
an antisymmetrised product of molecular wavefunctions, 
in which one molecule is either a negative or a positive 
ion and the remainder are perturbed (polarized) by the 
ionic molecule. Symbolically the wavefunction correspond­
ing to the electron or hole being on molecule "i" was 
taken as follows

= c A V i . [ 3 Q ± i ) X v / ( 3 a )  (4 - 11)
"a" being the number of filled orbitals in the neutral 
molecule, denotes the wavefunction of the appropri­
ate molecular ion, and The wavefunction of the
molecule j in the field of this ion.

Each polarized orbital %  was written as the renormal­
ized sum of the unperturbed orbital plus a sum, over the 
three principal directions of the molecule, of the first 
excited orbital which can be mixed in by the field of the 
ion.
^ j 1 =  I * ; * *  ) / l i + |  1 <4 -12)
The perturbation coefficients g^were expressed in terms 
of the known anisotropic polarizability^II) a^d the ! 
oscillator strengths of the diode-allowed transitions
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of the molecules. The transfer integrals were expressed 
as three separate types of terms, each of which is re­
duced by the same factor representing the overlap of polar­
ized wavefunctions (corresponding to two different loca­
tions of the electron or hole).

neutral molecule potential (for electrons) or positive 
ion-molecule potential (for holes) and terms coming from 
intermolecular electron exchange, as given by b’ilbey et

which results from the use of polarized orbitals.
£(electrostatic) represents the off-diagonal element of the
long-range interaction between the excess charge and the
induced dipoles on neighboring molecules.S is 'the product
of overlaps of neutral molecules polarized by a charge • • at I with neutral molecules polarized by a charge atj .
Drift mobility tensor was calculated both in the con­
stant relaxation time and constant free path models.

The Glaeser and Berry calculations show thgfc the aniso­
tropy of the mobility as predicted by the band theory is 
in quite good agreement with the experimental anisotropy 
except in the £? direction for electrons. However, these 
calculations result in a free path which is significantly 
smaller than the molecule-to-moleoule distance and a free 
time which is not significantly larger than the lifetime 
associated with the uncertainity nrinciple. These two 
difficulties make the results of the band theory as cal­
culated by Glaeser and Berry not consistent with the inital 
requiremoits of the model.

( resonance)^resof lancej  -f 

(L(c?ectrostatic)l 5 (4.13)

7/here £  (resonance) la the sum of terms involving the

(reeonance) gives the correction to these terms
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Chojnacki^^made calculations similar to those of 
Thaxton et al hut included all integrals between mole­
cules containing carbon atoms closer than 10 A from each 
other in the two-center resonance integrals between mole­
cule 1 and molecule His results did not introduce any 
new features.

B. Current work.
In this work the general procedure followed by Katz et 

al was used to calculate the intermolecular resonance inte 
grals and their change with pressure.

Method of calculation.
A one electron crystal wavefunction as given by equa­

tion (4*6) was used. The Hamiltonian appropriate to an 
excess electron (or hole) has the form

H  =  ^  +■ ^  If) (4.14)
7/here vlij- which determines the crystal field, was ap­
proximated by

v  I r ) =  -srvur-r*) u.i5>
" n

WithV^the Hartree potential of an isolated neutral mole­
cule. Pbr an isolated molecular ion the Hamiltonian is

=  l^ir) (4.16)
from which follows that
e o =fe>*H0<pdr
is the energy of the isolated negative ion relative to in­
finite separation of the electron and the neutral molecule 
The energy is a double valued function of K and is cal- 
culated from £_ + _

(4.18)
After simplification by use of s everal systematic ap­

proximations, with the neglect of three-center intermole­
cular integrals and overlap integrals multiplied ty £ ft
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or ft , the substitution of equations (4.14), (4.15), 

(4.16) and (4.17) into equation (4.18) leads to

E t =  e 0 +  e fl -h f i ( t / c o 5 { H . t f  te  « - 19>
Where the sums are taken over all molecules except the one 
with the ce ter located at the origin. Note that those 
threc-center integrals whose centers lie on three different 
molecules were neglected. The intennolecular resonance 
integrals^ were evalulated when only two-ce .ter integrals 
were considered and when the contribution of the three- 
center integrals, where one wavefunction and the potential 
are on the same molecule , worn taken into account as 
well.

The symbols appearing in equation (4.19) are defined
as C o =

en= fc p , i t ) % [c - r * ) < p w r u.21) 
=fo % re )Y U-J?)<p{rjd't u -22)

In order to discuss the K variation of the energy 
bands, it is necessary only to examine the last term in 
equation (4.19).
E *  ( k) =  £ ±  ( kj -  e „  -  f  f e y , ~ 4 •

All the integrals between the molecules on the comer 
and ce tera of the bases of the "unit cell were calculated. 
This is equivalent to the calculation of the integrals 
between the molecule in the position numbered 1 in Fig.
4.2 and the molecules in positions 2 through 13. Because 
of its location, molecule 14 has also been included in the 
calculation. Neglecting the interactions with other mole­
cules (The nearest neglected molecule has no atoms closer 
than 7.5 A.) f the energy dependence on K is
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K \a ) - 3£-aCo*l!5e)t^£.3Cos|i<.b) + 3 £ 4 [co5|K.^+c))+
Co5|k.lW.c])]+3£5co6lk.g)+3E6OslK.(A+cj') +

Z c l i T  S ' ,r « n C ” W '+ C o s l k  .(g . t  +  £ ) ) ]  ± 3 L r C o S jij &  . | + t j) ,

C° ̂ - ( Y - ; y ]] i  2E.10[Cc5(k .l^(?;bj+cJ)+

C o S {y  .(C  - f / j | g  + k ) ) ) J - j ' Q E - f t C 0 5  ( K . [C -  a]] -j.

3 £ |3 [C05(k.lfe-Q-,.c)) +  C06lk.|c_g.b))]-f
+ 2  E^poSliS -Va |4 +3 yj + C05(K.i/2 l4 -3 ij) j

(4.2)
'//here the l^t.are resonance integrals between molecules 1 
and i, such as given by£^in equation (4,22)
Numerical calculation
The first step in making numerical calculations from 
equation (4.22) is the selection of a suitable molecular 
wavefunction for the molecular ion. The simplest approx­
imation to the molecular wavefunction would place the ex­
tra electron in the first unoccupied molecular orbital of 
the neutral molecule and describe the electronic motion 
as if the interaction between electron and molecule caused 
no change in the orbital in question. Thus,Balk et a l ^ ^  
have shown that the properties of isolated negative 
aromatic ions can be understood if the orbital occupied 
by the excess electron is described by the Huckel coeffi­
cients characteristic of the first unoccupied orbital 
of the neutral molecule.

It is interesting to note that rfuckel functions are 
not unreasonable approximations to self-consistent field 
functions with differential overlap neglected.
The Balk approximation rests on two considerations:
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(a) Fople^^^ nroved that tho Coulson and Rushhnoke 
theoremd4^  remains valid in the more general 1CF scheie, 
i.e., tne T|" electrons are uniformly distributed in the
ground 3tate and in singly excited stnte3.
(b) Given the uniform charge distribution cited, it may be 
guessed that the addition of one electron will not grossly 
change the charge distribution of the original electrons. 
Certainly this approximation can only be considered if the 
TT electron system is largj.

In the mononegative ion, excitations are tnen described 
in terms of promotion of the extra electron, the remai ning 
system being considered tc be the original molecule in the 
ground state or in an excited state. It should be noted 
that even if the suppositions made are exactly true, the 
neglect of exchange between the extra electron and the 
core electrons prevents the orbital described from becom­
ing the one electron self-consistent field orbital.

It is clear that the Balk approximation //ill be best if 
the neutral core remains the 3ame and only excitations of 
the extra electron are considered. Indeed, these are just 
the terms considered in the present calculation of E(K). 
Before proceeding, however, it is necessary to remark that 
the Pariser-Parr or Pople theories of hydrocarbon spectra 
fail in the calculation of ionization energies although 
they are very successful in describing the atomic snectra. 
Hoyland aid Goodman ( I?) have traced the difficulties to 
three factors.
(a) The effect of77- electron-ionization or capture on the 
framework of the molecule;
(b) The changes intT-basis functions upon electron ion­
ization or capture;
(c) Changes in thdTJTelectron molecilar orbitals through 
construction of a new Hartree-Pock Hamiltonian for the 
resulting ion a id subsequent reminimization of the energy.
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By combining the Pariser-Parr formulation of 11 

electron theory('6)with Roothaan’s self-conaistent field
theory aid assumptions of orbital deformation, excellent 
agreement between computed and measured ionization poten­
tials was obtained by Hoyland and Goodman.

Because of the importance of the dboice of the mole*s. 
cular wavefunctions, we have made the calculations in this 
work using the wavefunction3 computed by Hoyland and Good­
man.

Now that all the assumptions have been mentioned, it 
remains to consider tne approximations involved in obtain­
ing numerical results from equation (4.22). The molecular 
oribtals of a positive or negative ion are approximated by 
a linear combination of neutral carbonltf̂  wavefunctions

'Vhere the are the coefficients given by Hoyland and

As already mentioned, the use of single Slater orbitals 
characterized by a single orbital exponent is inappro­
priate. The Slater-type function has only one adjustable 
parameter and this is chosen to minimize the energy of 
the atom. Since the tail (large R) of the wavefunction 
makes only a small contribution to the energy of the atom, 
it is very poorly represented by the usual Slater function. 
The integrals of greatest interest in the present calcula^ 
tion involve atoms centered on different molecules, and it 
is the large R portion of thew avefunction which is of 
interest here.

Katz et al tried to obtain a reasonable approximation 
to the tail of the wavefunction by trying to fit a single 
Slater-type function to the atomic SCP functions, adjusting 
the orbital exmment to give the best representation at 
large distance. However, using the best available neutral

(4.25)

ffoodman (15).
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carton atom HCF 2P function they found that a good fit can 
not be obtained in the region 1-4 A using a wavefunction 
characterized by a ingle orbital exponent. Since the 
resonance integrals arc very sensitive to the detailed form 
of the wavefunction, they used the best available carbon 
atom wavefunction represented in the form of a linear com­
bination of four Slater wavefunctions. The same wavefunc- 
tion was used in the present work, as given by equation
(4.26)

U ^ r j =  V O ; • t] jz: Qj( x P (- <vj rj u -26)
WhereTI^ is the unit vector defining the direction of the 
2P orbital. The co off id entsQ^and orbital exponents 
are those giveo by Clementi and Roothaan .

The potential energy of the molecule is a linear com­
bination of neutral-carbon-atora potentials. These are de­
rived from classical electrostatic arguments using the Har- 
tree method by averaging over the four (2S, 2Px,2Py and 
2PZ) electrons. The potential energy of a neutral molecule 
is therefore written as
V  —  V- (4.27)vn - l
WhereV/ is the Goeppert-Mayer a d Sklar^) potential ofb *
carbon atom L . Using equation (4.26) forU*^V^is given 
by equation (4.20) *

Vi °  ~ - f

lvn-r+ 4- { Pk̂ ']2+ 6 (V»u+ 4j
J (4.28)

Where ^substituting equations (4.26), (4.27),
and (4.28) into equation (4.22), it becomes
e? =fi>*[r)v[r)<pir-rf}d”c

= cw fa  k. fcw s it--M - iit* ‘1 • ” ’



_ T 7 -

La Blanc and Thaxton neglected those terms for which 
i does not equal m. They only considered two-center 
integrals and neglected all three-center integrals. As 
will be seen from the results of this work the three-center 
integrals where one wavefunction and the potential are on 
the same molecule can have significant contribution.

All of the calculations by other investigators discussed 
above were based on the culc ulation of Katz et al.
Their investigation used both two-center and three-center 
integrals in a calculation based on the HiSckel approxima­
tion. For comparison, they used two-center integrals only 
in calculations based on Huckel, Hoyland and Goodman models. 
Three-ceiter integrals have not been used in the Hoyland 
and Goodman model.

In this work the Hoyland and Goodman approximation was 
used and c alculations were done with two and three-center 
integrals and* for comparison, with two—center integrals 
only.
The two-center integrals were simplified by expanding in

I f c - B u l l B j - M s , ; *

jjHi'D))- t P i 'B t jJ t O j - P i - j ) j  C £J- (4 .30 )

Wherein^ and fly are the unit vectors defining the direction 
of orbitals aid V̂ -jf̂ is the vector from atom i to atom 
3 and ^

Sp C-cosi*) * (4.31)

Q j  = f d t  r u j  ‘o f t c S m  t j  ^ £ X P l - > r t j7 ^ 4 .5 2 )

Where aid jfj are the angles andĵ * make with R^j .
These integrals were performed analytically and expressed as
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Tnble 4.1

Hoyland 31d Goodman Coefficients C ^ L

Atom No.i C

electrons holes
1 0.29063 0.28891
2 -0.19657 0.19498
3 -0.19657 -0.19498
4 0.29063 -0.28891
5 0.29063 -0.28891
6 -0.19657 -0.19498
7 -0.19657 0.19498
8 0.29063 0.28891
9 -0.47703 -0.48180
10 -0.47703 0.48180
11 0.11451 -0.11155
12 0.11451 0.11155
13 0.11451 0.11155
14 0.11451 -0.11155



Table 4.2

Atomic orbital coefficientsCland orbital
exponentsctf-for carbon atom as given by tClementi and Roothaan.

o<; in atomic units ai

electrons holes electrons holes

0.9372 1.1060 0.31916 0.60350

1.4147 0.5074 0.50063 0.05445

2.5545 2.3590 0.25045 0.35041

6.3021 6.2000 0.01097 0.01237
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a power series in the dista ;ce R̂ j between the uwo atans 
i and j . Ail integrals involving coordinates of atoms 
closer than 10 A were included. These power series were 
then evaluated at different pressures using a Xerox 
computer, it took about one hour at every pressure to 
evaluate the 13 required •

No such simplifications were possible in case of the 
three-center integrals and they had to be evaluated by a 
three-dimensional Gaussian integration, using 8000 points. 
Only those integrals in which the potential and wavefunc— 
tion on the same molearnle were on noar-neighbor atoms were 
performed, and of them, only those where the distaice 
between the two wavefunctions was less than 6.5 A. It took 
25 computer hours to calculate the contribution of bhree- 
center integrals to the 13^7 at one pressure.

For reference purposes we tabulate the values of the 
Hoyland and Goodman coefficients used as well as the co­
efficient s^^and the orbital exponentsetas given by Clement! 
and Roothaan. Those constants are given in tablos 4.1 and 
4.2, The coefficients are labeled according to figure 4.3.

Atomic coordinates within a ra lecule were those measured 
by Sinclair, Robertson and Mathieson^*^) using x-ray 
diffraction.

Numerical results
Tables 4.3 through 4.7 give the intermolecular reson­

ance integrals at different pressures in units of 10-^e.v.
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Table 4.3
Intemolecular resonance integrals at—4different pressures in units of 10 e.v.

pressure
P

kilobars
electrons holes

0.0
1 .0
2.0
3.0
4.0
5.0
6.0

2 and 3- 
center 
integrals
0.2744

0.7287

1*2750

1.9570

2
center
integrals
0.1851
0.3705
0.5775
0.8079
1.064
1.3470
1.6600

2 and 3-
center
integrals
-0.4953

-0.4394

-0.3151

-0.1527

2
center
integrals
-0.2509
-0.2128
-0.1678
-0.1152
- 0.0538
0.0175
0.0991

0.0
1.0
2.0
3.0
4.0
5.0
6.0

74.25

79.95

86.11

92.74

70.13
72.78
75.53
78.39
81.35
84.42
87 .61

-125.9

-135.1

-145.1

-155.7

-114.2
-118.3
-122.5
-126.8
-131.4 
- 136.0 
-140.9
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Table 4.4

Intermolecvlar resonance integrals at
—4different pressures in units of 10 e.v.

pressure
P

kilobars

0.0
1.0
2.0
3.0
4.0
5.0
6.0

electrons 
2 and 3- 2
center center 
integrals integrals
-0.0251 -0.0251

-0.0280

-0.0314

-0.0353

-0.0270
-0.0280
-0.0286
-0.0314
-0.0334
-0.0353

holes 
2 and 3- 2
center 
integrals
- 0.1291

-0.1478

-0.1710

- 0.1921

center
integrals
-0.1291
-0.1375
-0.1478
-0.1597
- 0.1710
-0.1814
- 0.1921

0.0 0.2146 0.2146 0.2733 0.2733
1.0 0.2170 0.2828
2.0 0.2191 0.2191 0.3079 0.3079
3.0 0.2186 0.3348
4.0 0.2173 0.2173 0.3681 0.3681
5.0 0.2159 0.4040
6.0 0.2298 0.2298 0.4305 0.4305



- 84 -

Table 4-.5
Intemolecular resonance integrals at-4different pressures in units of 10 e.v.

pressure
P

kilobars

0.0
1.0
2.0
5.0
4.0
5.0
6.0

electrons 
2 and 3- 2—
center 
integrals
-0.4893

-0.6279

-0.8041

-1.195

center
integrals
-0.5032
-0.5664
-0.6339
-0.7114
-0.7984
-0.8999
-1.009

holes 
2 and 3- 2-
oenter 
integrals
-3.230

-3.838

-4.573

-4.651

center
integrals
-2.622
-2.853
-3.113
-3.395
-3.708
-4.054
-4.423

0.0
1.0
2.0
3-0
4.0
5.0
6.0

0.0273

0.0224

0.0133

0.0090

0.0273
0.0265
0.0224
0.0161
0.0133
0.0089
0.0090

0.0729

0.0814

0.0911

0.1118

0.0729
0.0785
0.0814
0.0824
0.0911
0.0992
0.1118
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Table 4.6

Intcimolecular resonance integrals at
-4different pressures in units of 10 e.v.

pressure
P

kilobars

0.0
1.0
2.0
3.0
4.0
5.0
6.0

8
electrons 

2 and 3- 2—
center center 
integrals integrals
0.0193

0.0173

0.0194

0.0209

0.0193
0.0185
0.0173
0.0180
0.0194
0.0205
0.0209

holes 
2 and 3- 2-
center center
integrals integrals
-0.0183 -0.0183

-0.0169 
-0.0159 -0.0159

-0.0173 
- 0.0192 - 0.0192

- 0.0222 
-0.0271 -0.0271

0.0
1.0
2.0
3.0
4.0
5.0
6.0

-124.5

-133.2

-142.4

-152.1

•115.5 
■119.5 
-123.6 
■ 127.8 
■132.1 
•136.5 
■141.1

■103.3 

•107.9 

■112.3 

■ 116.8

-85.59
-87.52
-89.44
-91.36
-93.28
-95.19
-97.07
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Table 4.7

Intermolecular resonance integrals at.4different pressures in units of 10 e.v

pressure
P

kilobars

e10

0.0
1 . 0
2.0
5.0
4.0
5.0
6.0

electrons 
2 and 3— 2-
center center 
integrals integrals
1.5911

2.041

2.565

3.158

1.183
1.5570
1.507
1.695
1.902
2.131
2.382

holes 
2 and 3- 2-
center 
integrals
28.96

33.17

37.87

43-13

center
integrals
23.95
25.66
27.48 
29.42
31.49 
33.69 
36.03

11
0.0 
1.0
2.0
3.0
4.0
5.0
6.0

0.0119

0.0143

0.0187

0.0198

0.0119
0.0132
0.0143
0.0160
0.0187
0 .0 1 9 6
0.0198

0.0054

0.0077

0.0121

0.0133

0.0054
0.0063
0.0077
0.0100 
0.0121
0.0130
0.0133



e„„ and e„, were zero for both holes and electrons.<2 1? _ 4  Also e.. for electrons was less than *0027 x 10 e.v*'4 -4and e*. for holes was less than .015 x 10 e.v.
Therefore it was possible for the present purposes to 
neglect ^14*

In order to see how the band structure changes with
pressure we consider the special cases when is parallel—1 —1 —ito a reciprocal lattice vector, a f b F or o •

( h  l i f t " ' )  - f  B C o g ( k . a ) +  C  c o s ( k . a | 3 )  ( 4 . 3 3 )

*4 (ail k’ ') = C,-fkCo5(K.y+rco5̂.i/jJ±£(̂ 06(K .3i/?J(4.34)
ti(bl|C-|)=G, + HC05(k.cJ 
e/(kiic-';=3+tcosik.cj <4-55)
Where the constants A through J are given by equations 
(4.36).

B  = 2 ( S + E * + 2 S - f- a £ 8 + S + : ? £ L i?)3
C  =  /\.[Lj+E-l0 t £ n  +  £-|4 J}

D =  2 ( t ?  +  £ 5  +  E-^ +  E .,2))
£ =  2 ( £ 3 t 2 £ 4 -f-2£^+

= 4  (£9 +  £-)0 +£-||

= 2 (£-3 +  £ 5  ■hSE.fj+yE-y+lE-14] j

H  =  ?  ( E *  +  2  E ^ . 4  £ * + 2 £ 8  4- £-J 3 + ? £ 1?+  2  (*> „ > + * 1 1  J ) 
J  =  2 ( t 3 f-£.5 t ^ £ 7 _ ^ _ ^ £ . J4j;

J  = 2 ( £ ? 4 - : ? £ 4 . + E . 4 + 2 £ 8  +  £ , 2 - f 2 £ . | 3 - 2 ( £ - i o + £ - / / j J
(4.36)
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It should "be noted here that although E(K)as given 
by equations (4.33) and (4.34) might aeem to have a
periodicity of Q Of' and Q * however, this is not so
as we now show

v j h -i-9'') =  m i b i  ?
Y. 1*5+0?) =  %  (.K), u *,7)

V + I I S  +  f e " ' ) - H L  ( B )
h U B  +  t f ' J =  4J+ l b )  < * • » >

and when K ~  1/q & or K  1/ equation (4.6) gives 

C ^ l K )  =r Hi* lb) {4.,9)

which proves ijJand y have the same energy at h  3  
and^ . Thus in going from the first to the s eccnd 
Brillouin zone ^and If ĉross and interchange roles in the. 
Of'and ^'directions, a d  there is therefore the expected 
periodicity of Of^ and b

Figures (4.4) through (4.5) give the shape of the band, 
when K is parallel to a"^, b- ,̂ cf̂ , for both holes and 
electrons when only two-center integrals are considered 
in calculating the intennoleau lar resonance integrals. 
Figures (4.6) and ( i.7) give the shape of the band when 
both two and three-center integrals are considered.

As can be seen from these figures the a~1 and b”1 
bands meet ati-^and^ b * as shown before. At W •= ̂  0L * 
aod^-^ b"> the two bands are expected to be degenerate 
because of the existence of a twofold screw axis in the 
b direction and a glide plane in the a direction, the 
group of K has only a two-dimensional irreducible re- 
present'itiond®)at Q~* andĵ  •
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Figure captions

Figures 4.4 through 4.7 give the shape of the energy 
hands for an excess hole and an excess electron, 
figure 4.4 gives the hole hands energy in units of 
e.v. "4" denotes the antisymmetric hand while '*3" denotes 
the symmetric one. in this figure only two-center 
integrals are included, figure 4.6 gives the same hands 
when hoth two and three-center integrals are included, 
figures 4.5 and 4.7 give the corresponding hands for 
an excess electron.figure 4*5 gives the case of two^center
integrals only while figure 4.7gives the case of two and 
three-center integrals.
Figures 4.8 through 4.11 give the change of the bandwidths
with pressure.the bandwidths are given in e.v.
the curves are labeled according to the following scheme,
111” is the case when k is parallel to a.̂
"2” is the case when k is parallel to h~1
"3" is the case when K is parallel to
Figures 4.8 and 4,40are for the hole hands when only two- 
center integrals and when two and three—center integrals 
are included respectively.
figures 4. 9 and 4.11 give the respective canes for 
electrons.
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Figures (4.8) and (t,9) the change of the band­
widths with pressure for both holes aid electrons when 
only two-center interrals are considered. Figures (4.10) 
and (4.11) include tho contribution due to the three-ccnter 
integrals. We notice that for holes the bandwidths in­
crease appreciably in the b**1 and directions while it 
hardly changes at all in the a-1 direction. For electrons 
the bandwidths increase in all three directions. Although 
the absolute change in the bandwidths for electrons in the 
c-  ̂ direction is very small, yet since the bands are very 
narrow to start with, such a change is relatively import­
ant-. Table (4.8), (4.9) and (4.10) give the bandwidths vn. 
pressure.

II. Mobility Calculations.
(a) Drift mobility.
The drift mobility for electrons was shown in Chapter II
to be given by /hj =  ̂ f  <C.TviVj>

In the simplified model of the constant isotropic re­
laxation time^Kj-i^. While in the model of a constant mean 
free oath ̂(K)j¥l#()J-ĵ The re fore in these two models the drift 
mobility is given by equations (4.40) find (1.41) respectively
A ‘j =  T j ^ h < » < V - V j  > (4.40)

M t ) =  - e ^ s  < v c v j / iviKjj >  ( 4 -41)
Oincc the Energy is a periodic ftinction of K it suffices to 
do the integration over the first Brillouin zone. To ex­
plain how the calculation was done wo show the case of con­
stant relaxation time i - fftfr tfretf exp h ^ m d j s

where *P PE‘+ ^ 1) + e X P (“ P U,42)w ere ■
K rAnd the region of integration is the first Brillouin 

zone, as will be shown below. It should be noted that the 
energy of the hole is measured downward from the top
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Table 4.8

Change of bandwidths with pressure 
in units of tcf^e.v.

direction

-1

pressure
kilobars

0.0
1.0
2.0
3.0
4.0
5.0
6.0

symmetric 
2 and 3-center 
integrals

electrons holes 
0.493 0.309

0.526

0.562

0.600

band

0.312

0.314

0.311

2-center
integrals

electrons holes
0.458
0.478
0.490
0.506
0.523
0.540
0.558

0.255
0.257
0.258
0.259
0.260
0.260
0.259

0.0
1.0
2.0
3.0
4.0
5.0
6.0

antisymmetric band 
0.491 0.286 0.456

0.523

0.557

0.592

0.2855

0.282

0.279

0.471
0.487
0.503
0.519
0.535
0.552

0.238
0.238
0.237
0.236
0.235
0.232
0.229
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Table 4*9

Change of bandwidths with pressure 
in units of 10“^e.v.

direct- pressure symmetric band
ion

2 and 3-center 2-center
integrals integrals
electrons holes electrons holes

o • o 0.203 0.799 0.186 0,704
1.0 0.192 0.721
2.0 0.215 0.840 0.197 0.738
3.0 0.203 0.756
4.0 0.227 0.879 0.208 0.773
5.0 0.214 0.791
6.0 0.259 0.918 0.220 0.808

antisymmetric band
0.0 0.789 0.249 0.738 0,244
1.0 0.764 0.259
2.0 0.844 0.283 0.790 0.274
3.0 0.818 0.290
4.0 0.904 0.321 0.846 0.308
5.0 0.875 0.326
6.0 0.967 0.364 0.905 0.346
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Table 4.10

Change of bandwidths with pressure 
in units of 10_le.v.

direct- pressure symmetric band
ion

2 and 3-center 2-center
integrals integrals

electrons holes electrons holes
0.0 0.0117 0.218 0.008 0,179
1.0 0.0097 0.192
2.0 0.0165 0.247 0.0116 0.206
3.0 0.0137 0.220
4.0 0.0222 0.282 0.0160 0,236
5.0 0.0186 0.252
6.0 0.0279 0.324 0.0214 0.269

antisymmetric band
0.0 0.0138 0.246 0.0109 0.204
1.0 0.0117 0.219
2.0 0.0161 0.283 0.0125 0.234
3.0 0.0134 0.251
4.0 0.0189 0.324 0.0144 0.268
5.0 0.0155 0.287
6.0 0.0223 0.366 0.0167 0.307
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of the band and consequently the signs of the hole energy 
in Tables (4-5) through (4.7) must be changed. We now con­
struct the first Brillouin zone

Q  1 —  ̂- * £j etc. (4.43)
where ^ * ^ X C )
a  =

c. - c (CostfjQ* c')
therefore 

- ' U

" =  * ?  1
C * 1 ■= -2 IL -—  C.' (4.45)-  c

The first Brillouin zone constructed from the reciprocal 
lattice vectors a-1, b_1, and c*1 is shown in figure (4.1) 
referred to the orthogonal set of axes ji.b,^.

A three dimensional trapezoidal rule integration sub­
routine was developed by the investigators using 1728 points 
to evaluate the components of the drift mobility tensor 
in both the constant relaxation time and the constant mean 
free path models as well as the change of these components 
with pressure.

Tables (4.11) through (4.12) give the change of the 
drift mobility components with pressure for both holes 
and electrons in the constant relaxation time model. Tables 
(4.13) through (4.14) give the drift mobility components in 
the constant free oath model. In both model3 only two- 
center integrals are considered.

When the contributions of the three-center integrals 
are taken into account the results are given in Tables (4.I5) 
aid (4.16). The results in Tables (4.11) through ($.14) 
are in good agreement with the calculation done by Katz
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nable 4.11

Drift mobility components in units of
10 2 2 10 cm /sec .in the constant relaxation

time model. Only two center integrals
are included.

component pressure

°*° 771.0 78
2.0 80
3.0 81
4.0 83
5.0 84
6.0 85

holes electrons
ratio ratio
to atm- to atm.
ospheric pressu-
pro r: sure re value
value

03 • o o 161 .3 1.000
66 1 .021 168.9 • o m o

24 1.042 176.7 1.095
80 1 .062 184.6 1.144
20 • o o 192.6 1.194
64 1.099 200.8 1 .24 1

CMON 1.115 209.3 1.297

^ v t ? > 0.0 197.3 1 .000 111.1 1.000
1 .0 207.7 1.053 116.2 1.046
2.0 218.5 1.108 121 .4 1093
3.0 229.6 1.164 126.8 1.141
4.0 241 .8 1.226 132.3 1.190
5.0 253.9 1.287 137.9 1.241
6.0 267.2 1.3--4 143.7 1.293
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Table 4.12
Drift mobility components in units of

10 2/ 2 10 cm /sec .In the constant rel xation
time model. Only two center integrals
are included.

component pressure holes elec trons
ratio 
t o atm. 
pressure 
value

ratio 
to atm. pressure 
value

o•o 32.64 1 .000 .088 1 .000
1.0 36. 8 1.124 .124 1.410
2.0 41.19 1.262 .175 1.979
5.0 46.21 1.416 .241 2.726
4.0 51.76 1.586 .327 3.698
5.0 57.93 1.775 .438 4.951
6.0 64.69 1.982 .579 6.549

0.0 -6.83 1 .000 -.0237 1 .000
1 .0 -7.75 1.135 -.0388 1.635
2.00 -8.79 1.287 -.0608 2.565oc• -9.94 1.455 -.0896 3.777
4.0 -11.20 1.64 -.127 5.367
5.0 -12.62 1.848 -.177 7.485
6.0 -14.19 2.077 -. 21 <1 10.23
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fable 4.13 

Drift mobility comnonents in the 
constant mean free path model in 
units of 105 cm/sec. Only two 
center integrals are included.

component pressure holes

< v a / l v l >

ratio 
to atm. 
pressure 
value

electrons
ratio 
to atm. 
pressure 
value

0.0 3.966 1 .000 8.762 1 .000
1 .0 3.942 0.994 8.966 1.023
2.0 3.916 0.988 9.169 1.04 7
3.0 3.886 0.980 9.371 1.070
4.0 3.849 0.970 9.571 1 .092
5.0 3.813 0.961 9.770 1.115
6.0 3.768 0.950 9.973 • CD

< V b / l Y D 0.0 9.608 1.000 5.803 1 .000
1.0 9.866 1.027 5.916 1.019
2.0 10.13 1.054 6.029 1.039
3.0 10.39 1.081 6.143 1.058
4.0 10. 66 1.110 6.256 1.078
5.0 10.935 1.138 6.368 1.097
6.0 11 .22 1.168 6.481 1.117
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Table 4.14 

Drift mobility components in the
constant mean free path model in5-uints of 10 cm/sec. Only two 
center integrals are included.

component pressure

<  \ m >

holes
ratio 
to atm.

electrons
ratio 
to atm.

pressure
value

pressure
value

0.0 2.029 1.000 .009 1.000
1.0 2.199 1 .083 .0131 1.432
2.0 2.380 1.173 .0184 2.019
3.0 2.574 1.269 .0251 2.757
4.0 2.777 1.369 .0536 3.684
5.0 2.995 1.476 .0441 4.839
6.0 3.221 1 .588 .0572 6.267

< v <xvc ' l M >
0.0 -Q.282 1.000 .0025 1.000
1.0 -0.312 1.108 -0.0035 -3.342
270 -0.345 1.224 -.0044 -1.789
3.0 -0.380 1.349 -.0058 -2.358
4.0 -0.417 1.481 -.0076 -3.078
5-0 -0.458 1.625 -.0097 -3.973
6.0 -0.501 1.778 -.0125 -5.086
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Table 4.15 

Drift mobility components in the
constant relaxation time model in

10 2 2 units of 10 cm /sec . Two and three
center integrals are included.

component pressure holes electrons

< v >

< v c * >

c*o 107.2

ratio 
to atm. 
pressure 
value
1.000 183.6

ratio 
to atm. 
pressure 
value
1.000c•CM 111.5 1.040 200.8 1 .094

4.0 115.0 1.073 218.7 1.191
6.0 118.3 1.104 237.5 1.294

0.0 229.5 1 .000 121 .7 1.000
2.0 253.3 1.104 132.5 1.089
4.0 279.7 1.219 143.9 1.182
6.0 306.2 1.343 155.9 1.281

0.0 46.05 1 .000 .1697 1 .000
2.0 60.62 1.262 .3285 1.936
4.0 75.48 1.571 .5873 3.461
6.0 91.94 1.913 .959 5.653

0.0 -9.976 1 .000 -.048 1 .000
2.0 -12.86 1.290 -.113 2.359
4.0 -16.22 1.63 -.222 4.635
6.0 -20.36 2.041 -.396 8.262
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fable 4.16 
Drift mobili ty components in the 
constant mean free path model in 
■units of 10 cm/sec.

component pressure hole: electrons

jlYl>

< V C<||Y£>

ratio 
10 atm. pressure 
value

ratio 
10 atm. 
pressure 
value

0.0 4.886 1 .000 9.389 1.000
2.0 4.828 0.988 9.818 1 .046
4.0 4.733 0.969 10.247 1.091
6.0 4.636 0.949 10.67 1.137
0.0 9.946 1.000 6.014 1.000
2.0 10.46 1.051 6.235 1.037
4.0 11.01 1.107 6.455 1.073
6.0 11.59 1.165 6.673 1.110

0.0 2.657 1 .000 .0175 1.000
2.0 3.107 1.169 .0337 1 .920
4.0 3.595 1.353 .0580 3.306
6.0 4.069 1.531 .0894 5.095

0.0 -0.370 1 .000 -.0040 1 .000
2.0 -0.448 1.210 -.0069 1.719
4.0 -0.5371 1.450 -.01145 2.844
6.0 -0.647 1 .748 -.01789 4.4'1 1
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et al except for the following differences:
i. The mobility calculated by Katz in the dir­

ection for holes seems to be systematically smaller than 
our mobility by a factor of 2. This was also the case for 
naphthalene. Therefore wo believe that Katz had a mistake 
in his calculation which introduced that factor of 2. As 
will be discussed below this correction brings the cal­
culated anisotropy of the mobility at atmospheric pres­
sure closer to the experimental values.
ii. Katz seems to have a mistake in the sign of 

for holes but the absolute value is in ogreemcnt with our 
value.

Figures (4.12) through (4.15) give the change of the 
drift mobility tensor for both holes and electrons with 
pressure in the constant relaxation time and constant mean 
free path models. In these figures only twe-center inte­
grals were considered.

In Figures (4.16) through (4.19) the contribution of 
the three-center integrals were considered as well.

Comparison wit i experiment
As me tioned before, Kepler^9) measured the drift 

mobility for holes and for electrons in anthracene as well 
as its change with pressure at 3 kilobars. More recently 
Takashi et al(20) measured the drift mobility of electrons 
in anthracene as a function of pressure up to 6.6 kilobars. 
In order to facilitate the comparison of the calculation 
of this work with the experimental data we tabulate our 
calculated mobilities at atmospheric pressure and the ex­
perimental values in Table 4.17.
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Figure captions
figure 4.12 gives the change of the components of the 
drift mobility tensor of holes in the constant relaxation 
time model with fissure.
Figure 4.13 gives case for electrons,
figures 4.14 and 4.15 rive the chanre of the mobility 
components for holes and electrons respeclively in the 
constant mean free path model.
In figures 4.12 through 4.15 only two-center integrals 
were included. 'Vhen two and three-center integrals are 
included figures 4.16 through 4.19 give the corresponding 
quantities respectively.
In figures 4.12 through 4*19 the vertical axis gi'wes the 
ratio of the components of mobility at a pressure p to 
their values at p--0.
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Table 4.17

Comparison of the theoretical 
and experimental anisotropy of 
the drift mobility of anthracene 
at atmospheric pressure.

two and three- 
center integrals

two-
centor integrals

exper­
imental
value

constant
'tr

constant
>

constant
r

constant
A

I II

holes

/*a 1.00 1.00 1.00 1.00 1

h• 2.1 2.0 2.56 2.4 2.0

0.45 0.54 0.42 0.51 0.8

electrons
1.00 1 .00 1.0.'-' 1 .00 1.0< 1

n
4

0.65 0.64 0.69 0,66 0.59 0.

A-' 0.001 0.002 0.0005 0.001 0.23 0.

I. Kepler
II. Takashi Kajiwara et al
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The ratio of the mobilities at 3 kilobars to the atmo­
spheric pressure values are tabulated in Table 4. 16.

Prom Table 4.££ we see that; the constant free path model 
predicts no change of the mobility with pressure iv the a 
direction for hole contrary to the experimentally observed 
increase. Therefore we conclude that this model is not ap­
propriate to describe the drift mobility. On the other 
hand the constant relaxation time model predicts that the 
mobility increases in all three directions in a qualitative 
agreement with experiment. In fact this model gives the ex­
act value of the change of the drift mobility of holes in 
the c 7 d rection as that determi \ed experimentally. How­
ever, it gives a smaller change in the mobility in the a 
and b_ directions than the experimental data. For the case 
of electrons the m del al3o gives a: increase in the mobil­
ity in the a aid b directions in qualitative agreement with 
experiment, although the increase is also smaller than that 
found experimentally. The model fails however to describe 
the mobility of electrons in the o/ direction. However, 
no theoretical calculation have succeeded in predicting the 
correct value of the mobility in this direction. Going back 
tc Table 4. we find that the anisotropy of the nobili ty 
of holes in the ab pi,-me as calculated in the constant re­
laxation time model is in excellent agreement with the ex­
perimental data. However in the of direction the model gives 
a mobility smaller than the experimental value by about 45#* 
However it should bo noted here that in spite of this dif­
ference this value of mobility is closer than any theoret­
ical value available in the literature to the experimental 
value of mobility in the c7 direction. For electrons the 
anisotropy in the ab nlane is again i' very good agreement 
wi th exoe riment.

'.Ve would also like to point out here that the differe-ice 
between the theoretical and experimental value of the drift 
mobility of the holes in the c^ direction might be due to 
the simole a3 3unotion oh an isotropic relaxation time.



Tabic 4.18
Comparison of the theoretical 
and experimental dependence of 
the drift mobility of anthracene 
on pressure at 3 kilobars

Two and three- Two-center ’experiment­
center integrals integrals al value

constant constant constant constant I II
r A r A

holes

1.06 0.98 1.062 0.98 1.4

1.16 1.076 1.16 1.08 1.4

1.41 1.26 1.42 1 . 269 1.4

elec trons

1.14 1.07 1.14 1.07 1.4 1.33

/*blHo 1.136 1.065 1.14 1 .06 1.3 1.26
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We now test the hand model for internal consistency.
The uncertainity in the energy given by must be smaller 
than the band width. By comparing the present theoretical 
values of the mobility in the ab plane with the experimental 
ones we find that ('fc'r; 2.3 x 10“14 sec.) for holes and 
electrons. Therefore A£,a^.a.027 e.v. a value comparable 
with the bar.dwidths in the ab plane*

Therefore we conclude that the baid theory in the con­
stant relaxation time modelj other than failing to rive 
the experimental value of the drift mobility of electrons 
in the of directionjgives the closest theoretical approx­
imation to the values of the components of the drift 
mobility tenBor as well as their change with pressure.

The oolaron model used by (Jlaeser and Berry does not 
yield as good values for the anisotropy of the drift 
mobility at atmospheric pressure as our band calculation. 
Furthermore,their rejection of the ba d model as being 
internally inconsistent i» rendered invalid by the above 
calculation.

A refinement of the band model might resolve the re­
maining differences between theory and experiment.
(b) Hall Mobility

It was shown in Chapter II that the iall mobility is 
given by
„ . _ 4  't2 (v* vi Mil M yx) >
* L -  * < ^ >

T\\%
'//here the averaging processes are done over the first 
Brillouin zone because of the periodicity of the energy 
as explained before.

LeBlanc(2l ) evaluated the ratio of the Hall mobility, 
for the magnetic field oarall el to the oj axis, to the 
drift mobility by numerical integration in the constant
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relaxation time model using Thaxton's inibeimiolecular 
resonance energy .He also found an approximate analytical 
expression for the ratio of the Hall to the drift mobility 
for that direction of tile magnetic field. This approxim­
ation is valid fo ,the bandwidth. Thaxton's and Katz*
energies predict and 1 * respectively for
electrons end holes® at ro-m temperature. The negative sign
of^nlUpMans that carriers rotate in the wrong direction in 
the magnetic field and it results from the fact that 
states with negative effective mass are weighted more 
heavily in the numerator of equation (4.46) than those 
with positive effective mass.

( 2 2)Toombs did a crude numerical evaluation of
for all possible six directions of the current and the 
magnetic field using Katz* energies in the constant relaxa 
tion time model. His results show that the Hall mobility 
for both holes and electrons is anomalous in sign when 
the magnetic field is parallel to the a or c* directions.

In this investigation we have done a complete muii'rical 
evaluation of the Hall mobility in the six different 
directions as well as their change with pressure.
The calculations were done in both the constant relaxation 
time model and the constant mean free path model. In every 
model the mobilities were calculated using two aid three- 
center integrals and,for comparison,using two-center 
integrals only.

A trapezoidal rule three-diicnsional integration 
subroutine similar to that used to evaluate the drift 
mobility was used.

Table (4.19) gives the Hall mobilities for holes and 
eljctrons in the constant relaxation time model. This 
table confirms that in this model the Hall mobility is 
anomalous in sign for both holes and electrons.when the 
magnetic field is parallel to a or c1 .

Tables (4. 21) and (4. 229 give the Hall mobilities when



124.
the constant mean free path model is used. The results 
predict anomalous Hall mobility for holes only when the 
magnetic field is parallel to the cf axis while it pre­
dicts no anomaly for electrons.

In Tables (4.19) through (4.22) only two-center integrals 
in the evaluation of the energy were used. Tables (4.23) 
through (4.24) give the same quantities when the three- 
center integrals were considered as well. The anomalies 
predicted are the same as those of the case of the two-center 
integrals only.

The ratios of the Hall mobility at different pressures 
to that at atmospheric pressure given in Tables (4.19) 
through (4.24) are clotted against pressure in Figures 
(4.20) through (4.31).

Fig. (4.31) shows that the constant mean free path 
model predicts that, for electrons when the current is 
parallel to the b _ axis and the magnetic field is parallel 
to the a- axis, the Hall mobility goes through a maximum at 
about 2,5 kilobars and a minimum at about 5 kilobars.
Such a behavior can easily be verified once a reliable 
technique is available to measure the Hall mobility in 
anthracene.

Unfortunately no definite experimental verification for 
the values of the Hall mobilities in different directions 
or their pressure dependence is available yet. The rea­
son being the difficulties involved in that kind of a 
measurement as i3 discussed in Chapter V.
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Table 4.19

Hall raobility*in the constant relaxation
14 2 2time in units of 10 cm /sec .volt. Only 

two center integrals are included.

holesdirection pressure 
kilobars

electrons

I//b
2/ / - '

2 //°'

i//£'
— //—

rat-i o 
to atm. 
pressure 
value

ratio 
to atm. 
pressure 
value0•0 -1.520 1.000 .690 1 .000

1.0 -1.543 1.015 .692 1.003
2.0'' -1.564 1.029 .694 1.006
3.0 -1.583 1 .04 1 .695 1 .008
4.0 -1.603 1.055 .696 1.008
5.0 -1.620 1 . 066 .695 1 .008
6.0 -1.638 1.077 .694 1.006

0.0 - 0.594 1 .000 1.003 1.000
1.0 - 0.585 o;984 1.007 1.004
2.0 - 0,575 0.967 1.011 1.008
3.0 - 0.564 0.949 1.013 1.010
4.0 - 0.5519 0.929 1.014 1.01 1
5.0 - 0.540 0.909 1.014 1.011
6.0 - 0.527 0.887 1.012 1.001

O•O 0.430 1 .000 -0.00
1.0 0.484 1 .124
2.0 0.543 1 .260
3.0 0.609 1.414
4.0 0.682 1 .583
5.0 0.762 1 .770
6.0 0.850 1.974

* In all tables of Hall mobility at constant 'V we are 
actually giving the ratio /fy/'fc' as can be seen from 
the units.
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rPable 4.20

Hall mobility in the constant relaxation
14 2 2time model in -units of 10 cm /sec .volt.

Only two center integrals are included

direction pressure 
kilobars

holes
ratio 
to atm a 
pressure 
value

electrons
ratio 
t o a tun. 
pressure 
value

B II*
Ml*

0.0 1.017 1 .000 -0.982 1 .000
1.0 1.037 1 .020 -1.212 1.234
2.0 1.057 1.040 -1.400 1 .422
3.0 1.076 1.059 -1.541 1.569
4.0 1.095 1 .077 -1.658 1.688
5-0 1.115 1.095 -1.755 1.787
6.0 1.130 1.112 -1.844 1.878

11 Is/all*

1 Ilk
B | j a

0.0 -0.190 1 .000 0.000
1.0 -0.206 1.082
2.0 -0.225 1.170
3.0 -0.241 1.262
4.0 -0.259 1.358
5.0 -0.278 1.460
6.0 -0.298 1.564

0.0 -1.153 1 .000 0.396 1.000
1.0 -1.168 1.014 0.240 0.605
2.0 -1.183 1.026 0.111 0.281
3.0 -1.196 1.038 0.006 0.016
4.0 -1.210 1 .049 -0.083 -0.210
5-0 -1.220 1.058 -0.157 -0.398
6.0 -1.231 1.068 -0.223 -0.564
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Table 4.21

Hall mobility*in the constant mean7free path model In units of 10 cm/volt.sec. 
Only two-center integrals are included.

direction pressure 
kilobars

holes electrons

!//£

i
i / J S

III &
S //£'

ratio 
to atm.

ratio 
to atm.

pressure
value

pressure
value

o*o -1.590 1 .000 -0.459 1 .000
1.0 -1.492 0.939 -0.562 1 .225
2.0 -1.410 0.886 -0.664 1.448
3.0 -1.318 0.829 -0.767 1.672
4.0 -1.212 0.765 -0.874 1.906
5.0 -1.090 0.690 -0.970 2.114
6.0 -0.976 0.614 -1.077 2.349
0.0 7.847 1 .000 -57.51 1 .000
1 .0 7.714 0.903 -34.71 0.925
2.0 7.591 0.967 -32.66 0.871
3.0 7.477 0.953 -33.28 0.887
4.0 7.342 0.936 -30.25 0.806
5.0 7.207 0.918 -28.51 0.761
6.0 7.067 0.901 -28.019 0.747
0.0 -0.666 1 .000 -0.692 1 .000
1 .0 -0.596 0.909 -0.851 1.229
2,0 -0.545 0.830 -1.010 1 .459
3.0 -0.493 0.751 -1.170 1 .690
4.0 -0.4375 0.667 -1.337 1.931
5.0 -0.383 0.585 -1.487 2.148
6. o -0.328 0.499 -1.658 2.594

* In all tables of Hall mobility at constant we are 
actually giving the ratio JAu A ^  can seen from 
the units. n/A
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Table 4.22
Hall nobility in the constant mean free7path model in units of 10 cm/volt.sec. 
Only two-center interrals are included.

direction pressure hole; electron:
kilobars ratio ratio

to atm. to atm
pressure pressu:
value value

I II o' 0.0 4.014 1 .000 -.039 1.000
B//H 1.0 4.302 1 .072 -.051 1.301

2.0 4.614 1.149 -.066 1 .680
3.0 4.951 1.233 -.089 2.288
4.0 5.297 1.370 -.106 2.720
5.0 5.661 1.410 -.128 3.302
6.0 6.041 1.505 -.1606 4.11

'Us.' 0.0 0.183 1.000 -.005 1 .000
21/S 1.0 0.232 1 .269 -.01 1 2.212

2.0 0.278 1 .521 -.020 3.939
3.0 0.322 1.764 -.026 5.138
4.0 0.370 2.027 -.033 6 .638
5.0 0.420 2.301 -.043 8.628
6.0 0.475 2.601 -.054 10.69

T //̂ 0.0 0.865 1 .000 -3.188 1.000
2 //a 1.0 1.040 1.202 -4.999 1.5 '8

2.0 1.182 1.367 -6.461 2.027
3.0 O o 1.503 -6.285 1.971
4.0 1.422 1.644 -6.191 1.942
5.0 1.534 1.774 -6.238 1.957
6.0 1.655 1.914 -6.070 1.904
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Table 4.23
Hall mobility in the constant relaxation2 2time model in units of 10 cm /volt.sec
Two and three— center integrals are included

direction pressure holes electrons
Kixooars ratio 

to a t m. 
pressure 
value

ratio 
to a t m. 
pressure 
value

I b 0.0 -1.505 1.000 0.672 1.000
£ c' 2.00 -1.541 1.024 0.671 0.998

4.0 -1.570 1.043 0.666 0.991
f>. 0 -1.593 1.058 0.658 0.979

I a 0.0 -0.704 1 .000 1.015 1.000
B c' 2.0 -0.679 0.965 1.017 1.002

4.0 —0.646 0.918 1.013 0.998
6.0 -0.612 0.870 1.003 0.989

I /c 0,0 0.607 1 .000 -.0014 1.000
B b 2.0 0.770 1 .268 -.0030 2.174

4.0 0.957 1.576 -.0050 3.991
6.0 1.147 1.090 -.0087 6.247

I a 0.0 1.355 1.00'' -1.439 1 .000
B b 2.0 1.414 1.044 -1.782 1.238

4.0 1.456 1.075 -2.013 1.399
6,0 1.477 1.090 -2.103 1.461

I e' 0.0 -0.216 1 .000 0.000
B a 2.0

4.0
6.0

-0.255
-0.292
-0.336

1.182 
1.355 
1 .558

I b 0.0 -1.030 1 .000 0.253 1.000
B a 2.0

4.0
-1.064 -1.082 1.033 

1.051
0.025 0.0997 
-0.134 -0.531

6,0 -1.126 1.093 -0.248 -0.981
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Table 4.24

Hall mobility in the constant mean free pathnmodel in units of 10 cm/volt.sec. Two and three- 
interrals are included

direction pressure holes electrons
kilobars

I b 0.0 -0.759
B 0' c

*
CM -0.543

4.0 -0.314
6.0 -0.060

I a 0.0 0.828
B b 2.0 8.542

-f* * O 8.241
6.0

I a 0•0 -0.373
B c' 2.0 -0.251

4.0 -0.135
6.0 -0.024

I c 0.0 4.800
B b 2.0 5.50

4.0 6.259
6.0 6.983

I c 0
•
0 0.389

B a 2.0 0.523
4.0 0.687
6.0 0.786

I b 0.0 1.455
B a 2.0 1.759

4.0 2.104
6.0 2.238

ratio 10 atm« 
pressure 
value

ratio 
To atm. 
pressure 
value

0c0
•

1— -0.753 1 .000
0.715 -0.957 1.272
0.414 -1.167 1.550
0*079 -1.372 1.822
1 .000 -38.473 1.000
0.968 -33.700 0.876
0.933 -31.224 0.812
0.901 -28.503 0.741
1 .000 — 1.175 1 .000
0.672 -1.507 1.282
0.362 -1.853 1.576
0.064 -2.194 1.866
1 .000 -0.072 1.000
1.145 -0.116 1.608
1.304 -0.177 2.459
1.455 -0.239 3.321
1.000 -0.012 1.000
1.345 -0.033 2.713
1.767 -0.052 4.284
2.021 —0 •078 6.447
1 .000 -4.153 1.000
1.209 -6.086 1.466
1.446 -5.776 1.391
1.538 -5.830 1.404
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Figure oaptions

Figures 4.20 through 4."51 give the ratio of the Hall 
mobilities of holes and electrons at a pressure P to 
their values at atmospheric pressure.
Kaeh curve is labeled by two digits. The first digit 
gives the direction of the current and the second one 
the direction of the magnetic field. The axes a*b,£* 
are numbered 1,2,3 respectively.
Figure 4.20 gives the change of the Hall mobility of 
holes in the constant relaxation time model. Only two- 
center integrals are included. Three directions are given.
Figure 4.21 give3 the other three directions of the 
previous case.
Figure 4.22 gives the change of the Hall mobility of 
electrons in the constant relaxation time model with pressure. 
Only two-center integrals are included.
Figures 4.23 and 4.24 give the change of the Hall 
mobility of holes in the constant mean free path 
model with pressure. Only two-center integrals are 
included.
Figure 4.25 gives the change of the Hall mobility of 
electrons in the constant mean free path model with 
pressure. Only two-center integrals are included.
Figures 4.26 and 4.27 give the change of the Hall 
mobilities of hole3 in the constant relaxation time 
model with pressure. Two and three-center integrals 
are included.
Figure 4.28 gives the change of the Hall mobilities of 
electrons in the constant relaxation time model with 
pressure. Two and three-center integrals are included.
The Hall mobilities in the constant mean free path 
model are given in figures 4.29and 4.30 for holes and 
in figure 4.31 for electrons. Two and three-center 
integrals are included.
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Chapter V 

High Pressure System

As mentioned in the Introduction, one of the im­
portant objectives of this work was to develop a high 
pressure gas system with a non-magnetic cell which can 
be used not only to measure the Hall mobility and its 
pressure dependence but more generally it can be used to 
do any electrical measurement at high pressure which re­
quires a magnetic field and/or optical illumination. In 
this chapter we describe that unique system. Figure(5.1) 
is a block diagram of the high pressure syststt.which we 
now describe in detail.

"A" is an argon gas cylinder of research grade. Argon 
is used as the pressure transmitting medium. Cince 
anthracene crystal has a very high resistivity, any elec­
trical measurement under pressure requires an insulating 

medium which has a higher resistivity than the sample, 
to avoid shunting effect, and is known not to react with 
the organic compounds. Pure argon is a suitable choice.

"jy* is a two stage air-operated compressor (American 
Instruments Co. # 46-14021) This compressor requires a 
90 P.S.I. air supply to operate. It raises the pressure 
from 2000 P.S.I. at the input to 30,000 P.S.I. at the 
output •

*'T" is a T-shaped connector.
MH" is a dial pressure gage which measures pressures 

up to 5 kilobars.
"E" is a medium pressure 3-way valve (HIP No. 60-13HF2) 

which stands pressures up to 60,000 P.S.I. One of its 
two outlets is used as a vent while the other one is con­
nected to valve MF*'.
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"P" is a two-way high pressure valve which can take 

pressures up to 150, 000 P.S.I* (HIP # 150-11 x F6)
"G" is a high nressure chamber which contains a high 

pressure gage. This gage is of the form of a coil of 
manganin wire whose resistance changes linearly with hydro­
static pressure in the pressure range of interest here.

"I" is a pressure intensifier (Harwood Engineering Com­
pany, Inc., § A 2.5 J Laboratory type intensifier for gas 
service up to 200,000 P.S.I.). This is simply a moving 
piston with oil on the large area end of the piston and 
the argon gas on the small area end. The ratio of the 
areas is 15 to 1 resulting in a pressure intensifying by 
a factor of 15.

"P" is an "Pnerpac” oil hand pump which i3 used to pump 
urp the piston of the intensifier.

"K" is the high pressure cell which contains the sample 
holder.

In order to understand how this system works, the system 
can be thought of as consisting of two main sections, a 
low pressure section and a high pressure one. The low 
pressure section includes all parts of the system prior to 
the high pressure valve "P”. The pressure in this section 
never exceeds 50,000 P.S.I. The high pres rare section in­
cludes the rest of the system. The pressure in this section 
under working conditions is the high pressure which the 
sample is subject to. All the tubings before valve "E" 
are non-magnetic stainless steel tubing of outer diameter 
of 1/8". The tubing after valve "E" are of 1/16" outer 
diameter and about .005" inner diameter. The oil tubing 
from the hand pump to the intensifier has an outer diameter 
of 1/4". These had to be larger to allow the flow of the 
viscous hydraulic oil used. To operate the system, the vent 
is closed, valve "P" is opened and the air compressor is
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used to ’lump the entire system up to 30,000 P.O.I. Valve 
"F" is then closed and the hand nump "F" is U3ed to inten­
sify the pressure in the high pressure section up to the 
required working pressure.

Although this whole system was completely assembled dur-■ 
ing this investigation, two of its major parts, namely, the 
pressure gage ch:unner and the pressure cell were manufact­
ured in the local shop. Bierefore, we devote the next few 
pages to discussing the important features of these two 
part3.

Pressure gage chamber
Figures(5.2) and (5.3) are schematic drawings of the 

pressure gage chamber. The material used is fully maraged 
vascomax steel (300 c.v.m.). As shown in 'igure (5.2) the 
chamber has three gas outlets. One of them is a- inlet 
coming from the low pressure side, the second ole is con­
nected to the intensifier and the third one is connected to 
the main pressure cell. I1 he upper half of the chamber is 
designed to allow an electrical lead which is connected to 
the raanganin coil to be available out3ide the chamber, The 
other terminal of the coil is connected tothe body of the 
chamber as a common terminal, The main difficulty in manu­
facturing this chamber was the critical alignment of the 
center lines of the outlets.

As far as scaling i3 concerned, the major difficulty 
was to pressure seal the ton side. i’here arc two sur­
faces to be sealed there. The surface between tĥ  3loeve 
and the body of the cnamber; this was sealed by mea ,s of 
a teflon ring which flows upon nnplying the -ressure to 
improve the seal. The other surface is the inside sur­
face of the mushroom. This wa3 sealed by means of a 
metallic cone with a delrin cone on its conical surface, 
to electrically insulate it from the body of the chamber, 
which fitted inside the mushroom. The sealing of this 
inside surface was done b r heating the chamber with a heat
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gun, while under oressure, tc allow the delrin cone to flow 
and make a tight seal. This metallic cone was used as an 
electrical terminal of the manganin coil. (This coil was 
made of #40 wire, it has a total resistance of 170.00 ohms.)

High Pressure Cell
Figure (5.4) is a schematic drawing of the cell. Since 

this cell is designed to do electrical measurements in the 
presence of a magnetic field, a non-magnetic material had 
to be used rather than steel which is conventionally used 
for non-magnetic high pressure measurements. Based on its 
mechanical properties beryllium copper ^25 alloy, was 
thought to be the best choice. The material was annealed 
at 6000? for three hours. The final hardness is H.C. 37 
and the tensile strength is 176,100 P.O.I. As can be seen 
in the figure the cell has two optical windows and five 
electrical leads going from the high pressure inside the 
cell to the outside. This is done by stacking alternating 
metallic and insulating (lucalox) rings with the outside 
surface inside the high pressure while the inside surface 
is at atmospheric pressure. Each metallic ring has two 
wires connected to it, one on the outside rim and one on 
the inside cylindrical surface. The flat surfaces of the 
metallic rings and the lucalox rings formed the nresiure seals. 
Two cylindrical sapphire windows were used to seal the cell 
at the two opposite windows. These were pre-loaded by means 
of a spring in the form of a solid cylindrical shell with 
an elliptLcally shaped hole in the side to allow for the 
sample holder to be placed inside the cell. The main dif­
ficulty in sealing the cell was in lapping the sealing sur­
faces to optical flatness.Since this alloy is not convent­
ionally used in high pressure equipment, no experience was 
available on the necessary lanping tecmiques, especially 
the surfaces to lap against and the lapping compounds. Buch 
an experience ha4 to be developed locally. Lapping com­
pounds gradually decreasing in particle size from 12 to 4
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Figure captions

Figure 5.4 shows a schematic diagram of the high pressure 
cell •
rtA,f is a beryllium copper nut.
"B" is a push piece made of beryllium copper.
”C" is a seal ring made of beryllium copper.
"D" is a beryllium copper stack ring.
"F" is a Lucalox ring.

is a spring in the shape of a cylindrical shell
with an elliptical hole in the middle.lt is mane
of beryllium copper.

"(J" is a seal ring identical to HC".
MH" is a beryllium copper push piece.
"1" is a beryllium copper nut.
"J" are two sapphire windows.
"K" is a beryllium copper window seat.
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microns were used in a multistage lapping procedure. Final­
ly, fine aluminum oxide powder of 2-3 microns in particle 
3ize was used with liquid soap for final polishing. In 
spite of a very careful lapping procedure it was necessary 
to use soft gaskets between the sealing surfaces. On 
the two windows different materials were tried as gaskets 
(e.g. thin aluminum foil, mylar, lead foil, teflon sheets) 
and thin copper foil 0.004" thick was found most suitable.
In the case of the stack rings, the choice was even harder 
since no pre-loading exists there. The material which proved 
to work best was lead foil .002" thick. This was rolled 
down from 0.008" thick foil.

All parts of the high pressure section of the system were 
tested up to 8 kilobars except for the cell, which was tested 
up to 3.5 kilobars only.

Sample Holder
Figure (5.5) shows a schemetic drawing of the sample 

holder. This is a miniaturized holder which fits inside 
the cylindrical spring inside the bore of the cell. The 
holder is supported to the end piece of the stack as shown 
in Figures (5.6) and (5.7). The holder consists of a delrin 
base with a small copper base in the middle used as an 
electrode. The delrin was chosen because of its high re- 
sisitivity, its high resistance to organic solvents and 
finally, since it is rather hard, it noes not deform with 
repented use, The upper part of the holder is a disc of 
quartz, to allow H.V. light to reach the surface of the cell, 
coated with a thin transparent layer of tin oxide which
provides the front electrode. Three other teflon coated
wires go thnugh the delrin base to provide the other three 
leads. In this investigation they were used for the two 
Hall probes and the guard ring. The wires coming out of
the cell go through a metallic pipe, which acts as an
electrostatic shield. This pipe ends with an aluminum box 
where the wires are connected to electrical posts mounted
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on one aide of the box. Also two metallic strips are bolt­
ed to the cell. They are used to support the cell which 
hangs between the pole faces of the magnet.

It should be mentioned that this pressure system is of 
great versatility. It can be used for any high pressure 
measurement which requires the presence of a magnetic field, 
optical illumination, as well as the availability of as many 
as five electrical wires other than the ground terminal. No 
such systan has been developed before. In the rest of this 
chapter we discuss how this system was used in a trial to 
measure photo-Hall mobility and its pressure dependence and 
the difficulties which were encountered in this kind of 
measurement.

Sample
The samples used were in the shane of a rectangular 

parallelopiped which were prepared as explained in Chapter
III. The dimensions of the samnles were 4x3x2 ram . One end 
of the sample was coated with silver paint to ensure uni­
form contact with the copper electrode in the base of the 
sample holder. A silver-painted guard ring was drawn very 
near the other end. The purpose of this ring is to help 
by-pass and suppress the surface currents. Two—fine point 
probes were 3ilver painted in the centers of two opposite 
sides. These were used as Hall probes. Good contacts 
between the sample and the front and back electrodes were 
ensured by four springs which were placed between the delrin 
base and the heads of the four screws connecting the base 
to the quartz front electrode.

Experimental techniques
The techniques used is based on photo-injection of a 

•ingle type of charge carriers from one end of the sample 
to travel tarough to the other end. This photo-current is 
about two orders of magnitude larger than the intrinsic 
current. With this relatively large current the Hall voltage 
can be measured upon annlying a magnetic field.
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The photo-injection was done by ahin ing U.V.(A<4200A) 

light on one end of the sample. Anthracene crystal 
3 trongly absorbs light in the 11.7“. range of wavelenghs. 
therefore, the light is essentially absorbed at the sur­
face, creating pairs of free charges. By croperly biasing 
the back electrode relat;ve to the front electrode^ a single 
type of charge carriers can be allowed to travel through the 
sample. In thi3 investigation a 1000 watt xenon lamp was 
used as the source of ultra-violet lif^it. Infra-red light 
emitted was filtered oat by means of a quartz filter filled 
with a s lution of copper sulphate, A quartz lens was used 
to focus the light on the sample t rough the sapphire window 
of the cell and the tin oxide coated quartz electrode in the 
front of the sample holder. A mask was used to prevent 
light from striking the guard ring or the crystal beyond it. 
The guard ring was kept at the 3ame potential of 70 volts 
as the front electrode.

Electrical system
The electrical system used to measure the Hall mobility 

is represented by the block dia-ram shown in Figure (5.8).
The current through the sample is measured by a vibrating 

reed electrometer. The voltage of each Hall probe is mea­
sured by a separate vibrating reed electrometer. A bucking 
potentiometer was used to cancel any initial voltage that 
the nrobe may have, resulting from a geometrical offset of 
its position from the ooint of zero voltage. The use of 
very high input impcdence electrometers to measure the Hall 
probe potentials is essential ir. tho case of molecular 
crystals like anthracene which have very high resistance, 
to avoid 3hunting the samole by the voltmeter. The output 
of the electrometers are con ected to a two-channel chart 
recorder.

Results
In thi3 investigation the front electrode and the guard
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FIG. 5 .8  Block diogram for the measure*, 
ment of the Hall voltage of anthracene
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ring were kept -at 70 volts (for holes) and toe back 
electrode was given a voltage, ranging from -40 to -140 
volts, adjusted to minimize the potential of the lall 
probe with the lower voltage. Upon turning the lamp on 
the current t trough the crystal increased from about 
5 x 10“ 5̂ gjnpg about 2-5 x 10"^amps. The potential 
distribution inside the sample starts tb change since the 
trao centers are now being filled. That could be sem by 
a large drift rate of the potential of the hall probes.
After a few hours the drift of the potentials of t'-e Hall 
probes become very small, an indication of a steady state 
conduction which results from more or less fixed c large 
distribution. Upon turning the magnetic field on a large 
voltage of the same polarity appeared on both Hal.l probes. 
This voltage was much larger than the expected Hall voltage. 
If the magnetic field is turned off the voltages return to 
their inital value. Upon reversing thedircction of the 
magnetic field a voltage of the same polarity a d of almost 
equal magnitude again developed at the Hall probe. This is 
contrary to the expected behavior of the linear Hall volt­
age, which should reverse its polarity upon reversing the 
direction of the magnetic field. The experiment was repeat­
ed a large numfcwr of times on samples of different orient­
ations. Hither no deflection at all upon applying the mag­
netic field, or an even effect of the nature described above 
was observed. The magnitude of the effect however seems to 
change randomly from one sample to another. In some in­
dividual runs the voltage developed with the field in one 
direction was slightly different than the voltage developed 
with the field i the opposite direction. This difference 
can be considered to be twice the linear Hall voltage, but 
no definite conclusion could be reached about the magnitude 
of the Hall voltage, much less its nressure dependence.

Tynical valu s used in these runs were a photo-current of 
1 x 10-11 amps, a notential difference across the sample of



o f 200 Vt and a magnetic f ie ld  of about 16 k ilo g au sa . The change o f  

the H a ll  probe vo ltag e  upon apply ing  the magnetic f ie ld  under these 

cond itions waa around 60 m.v. This even e f fe c t  masks the much sm aller  

H a ll v o ltag e  expected to  be in  the range o f few m i l l iv o l t s ,  and makes 

I t  v i r t u a l ly  im possib le to  have any q u a n tita t iv e  estim ate o f the la t t e r
Dresner^ in  h is  f i r s t  t r i a l  to  measure the H a ll  e f fe c t  in  

anthracene, has seen an e f fe c t  which is  even w ith  the magnetic f ie ld .  

This e f fe c t  in  Dresner’ s measurement, was superimposed on the l in e a r  
H a ll v o lta g e . According to  D resner, the even e f fe c t  was sm all r e la t iv e  
to  the H a ll  vo ltage which made i t  possib le  to  e x tra c t the la t t e r  by 

revers in g  the magnetic f ie ld .  In  some runs he mentioned th a t he had 

to  use num erical in te g ra t io n  techniques fo r  the s igna ls  fo r  two 

opposite d ire c tio n s  o f the magnetic f ie ld  in  order to  be ab le  to  

deduce the H a ll v o lta g e . Dresner a t tr ib u te d  th is  e f fe c t  to  the  

presence o f surface de fec ts  or lo c a l v a r ia tio n s  in  m o b ility . At 
th a t tim e no data were a v a ila b le  to  g ive  an a lte r n a t iv e  ex p lanation  

fo r  such an e f fe c t .
(2 -5 )S h o rtly  a f t e r  Uresnerfc paper Frankevich e t a l v observed

th a t magnetic f ie ld  causes the photocurrents in  anthracene to  decrease.
They f i r s t  a t t r ib u te d  th a t to  the e f fe c t  o f the magnetic f ie ld  on
charge tra n s fe r  ex c ito n s . Pope e t a |^ ^  measured the e f fe c t  o f the
magnetic f ie ld  along d i f fe r e n t  d ire c tio n s  in  the ab plane on the
photo-enhanced cu rren t along the Cl d ire c t io n . They used evaporated
gold e le c tro d e , which in je c ts  holes In  the c ry s ta l,  and l ig h t  in  the
s in g le t absorption band ( \  " 360 -  400 ntn). The photo -curren t
decreased w ith  pronounced an iso tro p y . They concluded th a t since there
is  no ex c ito n  f is s io n , and a t the l ig h t  in te n s it ie s  they used th ere  is
no t r i p l e t - t r i p l e t  ex c ito n  fu s io n , the e f fe c t  is  due to  in te ra c t io n
between a t r i p l e t  ex c ito n  and a trapped h o le . In  a la t e r  paper
Frankevich e t a l^ ^  expla ined the magnetic f ie ld  e f fe c t  ax anthracene
photoconductiv ity  to  be due to  t r i p l e t  exc ito n -trap p ed  ho le  in te ra c t io n
they a ls o  a t tr ib u te d  th e ir  e a r l ie r  re s u lts  to  the same e f fe c t .  Ern 

(8)e t a l  have given a d ire c t  evidence fo r the t r ip le t - t r a p p e d  hole  

in te ra c t io n  by studying the e f fe c t  o f in je c t in g  holes in  an anthracene 

c ry s ta l on the t r i p l e t  l i f e t im e .  With th is  body o f data i t  can be
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concluded th a t trapped holes in te ra c t  w ith  t r i p l e t  exc ito n s . The 

t r i p l e t  excitons decay and the holes a re  detrapped. The ex istence  

o f magnetic f ie ld  ap p aren tly  slows down th is  in te ra c t io n  re s u lt in g  

in  less detrapp ing o f h o les . The e f fe c t  o f the decrease In  the ra te  

o f detrapp ing on the c u rren t has been reported as mentioned b e fo re .

Th is decrease In  the ra te  o f detrapping may a lso  change the p o te n tia l  
d is t r ib u t io n  along the sample. This change in  the p o te n tia l d is tr ib u t io n  

would produce an even e f fe c t  as th a t found in  our H a ll vo ltage measure­
ment. Since the e f fe c t  o f the transverse magnetic f ie ld  on the ra te  of 

detrapping does not depend on the sense o f the f i e l d ,  th is  could e x p la in  

the even dependence o f th is  new e f fe c t  on the magnetic f i e ld .  F u rth e r­
more, the random change in  the magnitude o f th is  e f fe c t  from one sample 

to  another, under id e n t ic a l c o n d itio n s , may be due to  the d i f fe r e n t  

tra p  d is tr ib u t io n s  in  the samples. I t  a lso  seems th a t the long exposure 

tim e to  l ig h t ,  such an exposure is  necessary to  reach the steady s ta te ,  
damages the c r y s ta l .  The c ry s ta ls  show brownish d is c o lo ra tio n  which 

may be an in d ic a tio n  o f some m olecular bonding, d e fec t production or 

o x id a tio n . Therefore we conclude th a t the method used fo r  c a r r ie r  
in je c t io n  is  not ap p ro p ria te  for these c ry s ta ls . I f  th is  new e f fe c t  

reported  here is  due to  the e f fe c t  o f the magnetic f ie ld  on the ra te  

o f detrapp ing , as we th in k  i t  i s ,  a new in je c t io n  technique ought to  

be t r ie d  which would not produce as many ex c ito n s , such a technique 

may or may not be po ss ib le .



References - Chapter V

1. J. Dresner,Phys. Rev. vol 143,558 (1966).
2. Frankevich E.L. and Balabanov E.I.,Zh. RTF Pis.

Red. 1,33(1965) (JETP Lett.)1,169 (1965).
3. Frankevich E.L. and Sokolik I.A.,Zh. eksp. teor. Fiz. 

52,1189(1967). (Sov.Phys. JETP 52,790(1967)).
4. Frankevich E.L. and Sokolik I.A.,Fiz. Tverd. Tela 

9,1945(1967) (Sov. Phys.- Solid State 9,1532 (1967)).
5’. Frankevich E.L. ani Rumyantsev B.M., Zh. ETF Pis.

Red.6,553(1967). (Sov. Phys. JETP Lett.6,70(1967)).
6. N.E.Geacintov,M,Pope and S.Fox, J.Phys.Chem.Solids 

Vol 31,pp.1375-1379(1970).
7. Frankevich E.L. and Sokolik I.A.,Solid State Comm. 

Vol.8,pp.251-253,1970.
8. V.Em, H. Bouchriha, J. Foumy, and Delacote,

Solid State Comm.,Vol.9,pp.1201-1203,1971•



Chapter VI

Conclusions:
We conclude this investigation by summarizing what 

was done and the significance of the results.

1. First the linear compressibilities of anthracene 
crystal were determined. These are important data not 
only to determine the correct pressure dependence of 
the band structure, exciton calculations, and the 
mobility tensor but they can also provide important 
information about the elastic properties of crystalline 
anthracene. Such information can result in better under­
standing of the intermolecular# and consequently inter­
atomic potentials. A step was already done in this dir­
ection by numerically determining a set of elastic con­
stants in the neighborhood of the experimental values 
and which predicts the correct linear compressibilities. 
The system also gives a positive definite strain energy,
a criterion of a stable crystal.
2. We have calculated the band structure of crystalline 
anthracene and its pressure dependence using the actual 
linear compressibilities. These results were then used 
to calculate the drift mobility tensor and the Hall 
mobility in different directions and their pressure de­
pendence. The calculations were made for an excess hole 
and an excess electron in both the constant relaxation 
time and the constant free path models. These calcula­
tions lead to very interesting results as follows:
(a) Although the technique used was generally the same 
as that developed by Le Blanc and modified by Katz et al, 
as pointed out by Katz the choice of the proper wavefunc- 
tions is most important in this case. We, for the first 
time, used the wavefunctions calculated by Hoyland and
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Goodman and calculated "both the two-center and the three- 
center integrals, Katz et al used them but they only cal­
culated two-center integrals. With this choice of the 
wavefunctions we were able to predict the anisotropy of 
of the drift mobility tensor for holes which agrees re­
markably well with experimental anisotropy in the ab 
plane. Although the mobility of holes in the o' dir­
ection is about a factor of 2 smaller than the experi­
mental mobility, it is the closest theoretical estimate 
for the latter. This difference with exneriment may be 
partly due to the assumption of an isotropic relaxation 
time, for electrons the model predicts the anistropy 
of the drift mobility in the ab plane to agree quite well 
with experiment. However, it fails to come close to the 
experimental value of the electron mobility in the c 
direction. All these calculations so far w^ro based on 
the constant relaxation time and constant free path 
models.
(b) For the first time theoretical predictions of the 
pressure dependence of the drift mobility tensor, based 
on the actual linear compressibilities, were available.
Upon comparing these with the experimental data obtained 
by Kepler we found that they agreed surprisingly well in 
the c direction for holes while the theory predicted 
smaller change with pressure for the mobility in the
ab plane, for both holes and electrons. The constant 
relaxation time model proved to be superior to the con­
stant mean free path model in predicting the pressure 
data.
(c) The relaxation time calculated by comparing theoretical 
mobilities with experimental data is longer than that 
found by Katz et al. Consequently our uncertainity of 
energy, given by'ft/'̂ , is smaller than their value of both 
electron and hole. This result gives our model a better
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internal consistency than theirs.

At this point we would like to point out that our cal­
culations are closer to the experimental values of the 
drift motilities and their pressure dependence than are 
other theoretical calculations.
3. A unique high pressure system wa3 successfully develop­
ed with a non-magnetic high pressure cell which has two 
optical windows and five electrical leads available at 
the outside. This is a new contribution to the field of 
electrical and optical measurement at high pressure. Wo 
such cell was developed before.

4. A relatively large voltage, with a polarity which is
independent of the sense of the magretic field develops 
at the Hall probe upon applying a magnetic field. Such 
an effect is believed to be due to the change of the 
longitudinal potential distribution along the sample. We 
believe that such a change could result from the effect of 
the magnetic field on the rate of detrapping of the filled 
trap centers. . This effect, being much larger than the 
expected Hall voltage masked the Hn11 voltage and made it 
impossible to have any quantitative measurement of the Hall 
mobility or its pressure dependence. Such a negative re­
sult indicates a need to develop, new carrier injection 
techniques which may not introduce as many triplet excitons 
or samples with fewer traps. Should experimental data of 
the Hall mobility and its pressure dependence be available 
in the future, they can be used to verify the theoretical 
predictions based on the band model made available by this 
investigation.



Appendix

Some details of the neutron diffraction experiment:
The experiment was done on one of the standard neutron 
diffraction spectrometers at Brookhaven National Laboratory. 
The high pressure cell used was an aluminum cell in the 
shape of a spool with a cylindrical bore in it . The 
sample,a single crystal of anthracene in the shape of 
a rectangular parallelopiped, fitted inside the bore 
with the long edge parallel to the cylindrical axis.
The cell was mounted on a goniometer which in turn was 
mounted on the spectrometer. The goniometer used has 
two perpendicular horizontal axes of rotation to allow 
adjusting the tilt of the sample in a range of 10*

The published lattice parameters were used in a computer 
program which deteimined the approximate positions and 
intesities of the different Bragg reflection peaks.
Three of the strong peaks were chosen to take data 
around. These as mentioned on page 39 were (200),(020), 
and (003). Two samples were used for final measurement.
One sample had the b axis perpendicular to the diffraction 
plane and the second one had the a axis perpendicular to 
the diffraction plane.
Procedure.

After the cell with the sample inside it was 
mounted on the spectrometer a standard BR^ counter was 
set at a value of a diffraction angle^0which corresponds 
to a strong peak in the plane perpendicular to the long 
edge of the sample. The sample was rotated along a vertical 
axis until the beam made an angle Q with the required planes. 
This was done by maximizing the diffracted intensity. At 
this position the tilt of the sample was adjusted by small 
rotations around the horizontal axes of the goniometer 
until an absolute maximum is obtained. In this position
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the long edge of the sample is perpendicular to the 
diffraction plane. In the case of the sample with the 
long edge parallel to the b axis the counter was adjusted 
at the diffraction angles of a number of strong peaks and 
by rotating the sample around the vertical axis until 
the diffracted intensity was maximum the position of the 
peak was approximately determined. By iteratively changing 
the angle of the counter and the angle of the sample the 
best position of the peak was determined. This was taken 
to be half way between the two points of half maximum 
intensity. Prom the data taken on this sample we determined 
a, c , and the monoclinic angle ^ . The experiment was 
repeated at different pressures to give the parameters 
as functions of pressure up to 5.4 kilobars. The pressure 
system used is very similar to the one shown in fig.
5.1. Prom the sample with the long edge parallel to the 
a axis,b was determined.

The four parameters showed linear dependence up that 
pressure and the data were fitted to straight lines using 
the least square deviations method . the equations 
of these lines are equations 3.1-3.4.


