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CHAPTER ONE

1. Introduction

Interest in the study of organic compounds has been 
stimulated during the past ten years by several factors.
The first is the advance in the techniques for obtaining 
single crystals of reproducible purity and perfection.
The fact that organic materials arc for the most part 
bound by the relatively weak van der Waal forces required 
special care in order to purify without ruining the sample.

Secondly, organic materials have become important because 
of industrial interest in finding new materials for uso as 
scintillators, semiconductors, thermoelectrics, and piezo­
electrics.

Of major concern to us was the problem of purity. Ir>
the literature, there was ample evidence of the ambiguity
of results which can follow from insufficient consideration
of the necessity* of dealng with specified purities. The
case of the specific heat anomaly in phenanthrene (C10H22)
la an example of this problem* In 1950, Ueberrelter and
Orthoann reported an anomalous heat absorption of about
600 calories/mole with phenanthrene of unspecified purity.1
In t966, specifying the method of purification, Arndt and

oDamask reported the value at about 380 calories/mole.
Again In 1967, King el, Arndt, and Damask studied the anomaly 
in deuterated material as a function of purity.3 They found 
that the effect was suppressed by impurities, with the “as 
received" material giving a value of about 150 calories/mole,
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as compared with their purified material which gave a value 
of 310 calories /mole.

Thus the question of reproduceabillty demands the routine 
indication of at least the purification procedure, if not 
the actual purity itself.

Concerning the use of single crystals rather than powdered 
or pollycrystallino samples, when dealing with anisotropic 
materials, there is no question but that studies on single 
crystals, node in the various crystallographic directions 
is the only correct way to proceed. Yet the difficulty in 
obtaining large single crystals has until recently been only 
occasionally overcome. The advent of a whole series of 
techniques, useful for the purification of organic materials, 
has made the growth of Angle crystals meaningful. Among these 
techniques are liquid chromatography, vacuum sublimation,

u.and zone refining, and are amply described In the literature. 
Previously, growing large single crystals from solution 

ran the risk of incaporeting the solvent molecules within 
the crystal lattice as an Impurity. Growth from the melt 
does not present this problem. However, one must be very 
careful to cheek that the material has not been changed 
upon melting, due to the high thermal Instability of many 
organic materials. This may be monitored usiqg a gas chroma­
tograph.

,
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g . The Reported Heat Capacity Anomaly in Phenanthrene
As can be seen in Fig. 1.1, the phenanthrene uolecule is

made up of three benzene rings fused together. The nawe
derives from the fact that it contains a diphenyl group
(Fig.1.1b) and is isomeric v/ith anthracene (Fig,1.1c). The
molecule is slightly non planar in tho crystal, the 2,3 and
6,7 carbons being displaced inopposite directions fror the

o
plane of the center ring by about 0.0^ A. It is believed that 
intramolecular overcrowding of the hydrogen a tor,is in the

positions is the result of this distortion,^ The hydrogen 
atoms are not shown in the Figure.

The position of the phenanthrene molecule in the unit 
cell Is shown in Fig.1.2. The crystal is monoclinic, 
face-centered-cubic v/ith two molecules per unit cell.

_iOThe melting temperature of phenanthrene is about 98 C.
pIt is colorless and hag a room temperature dark resistivity 

of about 10^? ohms-cm.^ The melting point of phenanthrene 
and its high resistivity are typical of the aromatic hyro- 
carbons.

A large percentage of organic materials exhibit a thermal 
anomaly of some kind or another.? The heat capacity anomaly 
reported by Arndt and Damask, referred to above, vas detected 
using a differential. Isochronal, microcalorimeter developed

D
by Arndt and Fujlta . The phenomenon did not appear to 
be an Isothermal process. No latent h®et vas observed to
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be associated v/lth the process, nor was a satisfactory model 
presented to explain the anomaly.

Theoretical models correlating the thermodynamic prop­
erties of ideal gases v/ith real gases have been relatively 
successful. However, when dealing v/ith the highly inter­
dependent components of organic solids, few useful correla­
tions v/ith the ideal gas model emerge. Changes in the crystal 
structure and the phase changes of organic solids, which 
are often caused by relatively minor differences in molecular 
structure, have a profound effect on the heat capacity of on 
organic solid^. Furthermore, deviations of experimental 
results from ideal behavior can be attributed to impurity 
effects, internal strains, and failure to obtain thermo­
dynamic equilibrium during the tohing of a measurement.

Characterizing a transition as first-order or of some 
higher order is ma<Je difficult due to the slow rate of 
equilibration of the system under investigation. Although 
usually not so long, it may take as long as a day or more 
for the system to equilibrate thermally in the vicinity of 
a transition. Thus, for example, accurate measurements of 
the heat capacity in the transition region are prejudiced, 
since it may Impossible to unambiguously determine whetherA
or not a process is isothermal.

, oThe shape of the curve presented by Arndt and Damask 
does,however, suggest a higher order transition is being 
observed because of the temperature Interval of several degrees 
over which the transition takes place.
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A good test for a polymorphic, solid-solid
transformation is to observe the heating of the crystalline solid 
on the hot stage of. a polarizing microscope. Evidence for a transi­
tion is observed by a darkening of the crystal or a change 
in the color. This is due to to breaking up of the crystal and

10light scattering off the consequent new air-crystal interfaces. 
Second order transitions, however, will frequently be missed 
on heating due to their subtlety, since they may involve only 
a very small distortion of the atonic network. This test was 
performed by Arndt and Damask^ and resulted in no evidence for 
a polymorphic first-order transformation.

3,The Reported Electrical Conductivity Anomaly in Phenanthrene 
Phenanthrene has been observed to. exhibit complex and 

anomalous electrical conductivity properties.^ It was 
found that phenanthrene has properties dependent on its 
electrical history. It was observed that phenanthrene can 
be characterized by three conditions, identified as follows* 
the virgin state, the reverslbly polarized state, and the 
irreversibly polarized state.

Hie virgin state Is described as being associated with 
cleaved crystals which have not been raised above room temp­
erature after being Cooled from the melt. In this condition, 
an order of magnitude increase in the dark conductivity Is noted
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at about 70* C. Similarly^ on anomalous conductivity Increase 
Of about two orders of magnitude 'occurs in the photoconductiv­
ity of phenanthrene.

The reversibly polarized state obtains after a crystal 
has been heated above 72 degrees centigrade and then cooled 
in the presence of an electric field. In this condition, 
charge releases, independent of the thickness of the crystal, 
were observed at the anomaly temperature, when the crystals 
were heated and cooled in a field. Changing the sign of the 
field completely reversed the sign of the charge release.
With no field present, no charge release was observed.

The irreversibly polarized state is obtained by illuminating 
a crystal with intense white light for several minutes and then 
heating the crystal in the biasing field. Crystals in this 
state have been heated and cooled through the anomaly temp­
erature many times with the bias field opposite in sense to 
the initial cooling bias after Illumination, and even with 
zero field .For this case the charge rrlease (even with zero 
bias!) vas always polarized in the initial polarization 
direction. Also, irreversibly polarized crystals will cling 
to a dielectric, indicating that the Internal polarization is 
largely in one direction.

Some speculation concerning charge trapping vas advanced, 
but the interpretation of the irreversibly polarized state 
vas deferred in the hope that future experimentation would 
provide additional information.
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*fr.Thesis Objectives
It was shown that phenanthrene is a molecular 

semiconductor, exhibiting the gross characteristics of 
the organic solid state* At the san;c tine it possesses 
certain anomalous properties, which, owing to the complex­
ities of organic compounds, are not easily related to any 
mod el•

In order to formulate a mechanism for these irregular 
properties additional experimental data is required. In 
this respect the static dielectric constant of phenanthrene 
wcs determined os a function of temperature. These measurements 
were performed on high purity single crystals, in tho three 
crystallographic directions, the a, tho £, and tho c*(normal to 
the a,b plane).

The linear co9fficients of thermal expansion in these 
three directions were also determined,

Qfte results of the above work suggested that an inelastic 
neutron scattering analysis should be performed, to check 
for new modes of vibration in going through the anomaly 
temperature, as well as to check for signs of lattice Instabil­
ities* nils work was performed on polycrystalline material*

The anomalous behavior of the conductivity in phenanthrene 
suggested that an examination of charge transport properties 
should be investigated. The photo-Hall effect being a valuable 
method for choosing between band theory analysis and
bopping theory analysis for charge transport, it was chosen as 
an area for investigation. Unfortunately, the photo-current in
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in phenanthrene was just outside the range of sensitivity 
of our instruments. For this reason it was decided to 
investigate the photo-Hall effect in naphthalene, another 
typical aromatic hydrocarbon (C^0Hg), and similar to phenan- 
threno in symmetry.

A final effort to characterize the phase transition 
observed in phenanthrene involved a phosphorescence study 
of hexamethjlbenzene. The motivation for this rests in the 
fact that hexsmethylbensene undergoes a low temperature

Ophase transition at about 111 K which is ascribed to the
11onset of a new degree of rotational freedom. Describing

12work performed on phenanthrene, Whitten, Arndt, and Damask 
determined the rate of monomolecular triplet exciton decay 
over a limited range of temperatures, including the anomaly 
temperature. Ho irregular behavior was observed at the 
transition temperature. This did not allow for the creation 
of a mechanism for transition involving new degrees of 
freedom.

Performing the experiment on hexamethylbenzene with its 
recognized new degree of freedom allows for a comparison 
with the phenanthrene results. Anomalous behavior In the triplet 
decay rate for hexamethylbenzene can be attributed to the 
onset of the new degree of freedom. The fact that no Irregular 
behavior occured In phenanthrene would then indicate that the 
phenanthrene anomaly does not Involve a new degree of freedom.
If negative results are observed in hexamethylbenzene, 
one can draw no firm conclusions one way or the other.
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CHAPTER TV/O

1.Introduction
Ordinary change of phase processes are most commonly 

characterized by a discontinuous change of properties such 
as volume and entropy. This discontinuity occurs at what is 
referred to as the transition temperature. These discontinuous 
changes in volume and entropy result in a latent heat.

On the other hand, transitions hove been observed in 
which the changes in volume and entropy hove not been discon­
tinuous, but were merely rapid. This continuous change in 
volume and entropy, within an interval of only a few degrees, 
results in an unusual Increase in the specific heat, but no 
latent heat.

Frequently, the specific heat distinguishes itself by 
rising to a peak, and then rapidly falling to a lower value.
This is the phenomenon referred to as the lambda anomaly.

It was originally useful to separate the phase changes 
into categories. They were either first order or second order.
The transitions were first order if the entrooy changed dls- 
continuously, resulting in a latent heat. The shape of the specific 
heat curve near the anomaly temperature was often used to 
characterize a transtlon as either first order or second 
order.

The advent of detailed thermodynamic analysis of organic 
materials brought chaos to the problem of classifying phase



transitions. By 19^2, Deffet1 listed alnost 1200 organic
compounds in which polymorphism hod boon detected. Crystals
underwent transformations exhibiting a variety of pealcs and
shapes in the specific heat curve.

oIn 1933* Ehrenfest proposed a classification of phase 
transitions according to the mathematical nature of F, the 
free-onorgy curve of a substance.Be dofinod a transition of 
the order as one for which is discontinuous,
F and all lower derivatives being continuous* Using this 
criterion, a first-order transition is characterized toy a con­
tinuous free energy curve and a discontinuous entropy, enthalpy, 
and specific heat* A second-order transition is characterized 
by continuous free energy, entropy, and enthalpy curves, but 
a discontinuous specific heat.

Ehrenfest's method of classification is applicable only with 
transitions that occur discontinuously, with two distinct 
phases in equilibrium at the transition temperature* With a 
great number of transitions occuring continuously, this method 
of classification is severely limited*

Because of the difficulty involved in classifying phase trans­
itions, a purely empirical system, based on the shape of the 
specific heat curve was developed* 9

Finally, a phenomenological classification, indicating the 
model used for explaining the transition, is commonly used*
These include the order-dlsorder transitions, including orienta­
tional, conformational, and positional disorders, electronic and 
magnetic transitions, and finally dipole transitions as in 
ferroelectrlcs*
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At first glance, these various models for second-order phase 
transitions seem rather different from each other* The anomalous 
behavior of their thermodynamic quantities such as specific heat, 
expansion coofficients, and dielectric constants, are not 
particularly similar between ordered alloys, ferroelectrics, 
superconductors, or ferromagnetic materials* Yet these differences 
are probably due to a lack of understanding of
the real mechanisms of second-order, or continuous phase trans­
itions. It is this lack of a clear general theory of phase 
transitions which prompts the periodic attempts^ which we see 
in the literature, to form a general theoretical description 
of the process*

From a phenomenongleal approach, the order-dlsorder effect 
wa3 invoked by Bragg and Williams** to explain lambda transitions 
in alloys* A long-range order parameter was defined so that the 
entropy could be defined for various degrees of order or dis­
order* It was a simple matter to relate the various thermodynamic 
quantities through the changes In the entropy. Such phenomena as 
the excess specific heat at the transition temperature were 
explained in this way.

Indeed, it is seen that in a phase transition the fundamental 
role is played by the entropy. As the temperature increases, a 
particular phase, unstable at low temperatures, may become stable 
above a certain temperature, if in spite of an unfavorable 
internal energy, Its entropy becomes high enough*



£Another theory, by Bethe , based on short-range ordor effects4s 
used to explain In more detail the second-order transitions in 
alloys* Cowley^ related the order parameter to coefficients of the 
Fourier series determining the Intensity of scattered sc-rays*
This made direct comparisons between the theory and experiment 
possible*

Other materials exhibit the phenomena of a critical temperature 
and anomalous specific heat behavior* The general interpretation 
of this phenomenon in terms of the sudden onset of free ions

p
or molecules forming the lattice was given by Pauling in 1930*

According to Pauling's theory, the anomalous specific hoats
are associated with a transition from llbration to free rotation
for the ions or molecules in question* This phenomenon has been
referred to by Frenkel^ as "rotational melting." 

i oFowler developed a classical theory for this so-called
hindered molecular rotation, which gave good qualitative
agreement with experiment*

11Kirkwood developed an Improved theory of hindered molecular 
rotation, based on developing a set of functions specifying the
distribution in orientation of the molecules* Further improvements

1 2were suggested by Nakamura •
Models based on what Fowler10 referred to as

"cooperative phenomena" kept appearing in the literature, with 
various refinements and Improvements, and a variety of potentials 
hindering the molecular motion, producing a variety of partition 
functions.

The phenomenal of ferroelectriclty Is of Interest to the phase
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transition problem because of the interesting anomalous 
behavior of the thermodynamic properties of ferroelectrics.
Many of the properties, such os polarization and dielectric 
constant, ore interpreted by a purely thermodynamic model,

A study of ferroelectric properties has lead to new attempts 
at a general theory of phase transitions in terms of lattice 
dynamics. This will be discussed in Chapter Three,

It turns out that an investigation of the properties of 
phenanthrcne indicates some ferroelectric-likobehavior for 
this material. In this chapter, ferroelectric-like anomalies 
in tho static dielectric constant are reported. Appendix A 
also indicates the existence of anomalous behavior in the 
expansion coefficients, which will be discussed in terms of 
lattice dynamics. The next chapter will describe an Investigation 
of the cold neutron Inelastic scattering properties of 
phenanthiene and relate this to the lattice dynamical theory 
of phase transitions.

But first, a thermodynamical theory of f err oelec tric-lilce 
behavior is presented to Indicate the connection between the 
properties of phenanthrene and those of typical ferrpelectrics,

2. Thermodynamic Theory of Second Order Transitions in Ferro- 
electric -Like Haterials

The thermodynamical approach given here Is basically that of 
Devonshire's^,

The differential dU of the internal energy of a body subject
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to internal stress and an electric field is

j u  - T 4 S  - £ , * ^ * 1  ♦  &  <2*1)
where S is the entropy, T is the absolute temperature, and

aro the strain and stress components, respectively, £ is 
tho electric field, and P is the polarization.

One now defines a potential function in terms of the 
entropy, internal energy, etc., called the elastic Gibbs 
function, as

G- => U  * £  ~ T S  (2.2)
Upon differentiating Eqt.2.2 and substituting from Eqt.2.1 
we obtain , - *    £  . , "* TTdC- = -SolT+ Z  E • dP (2.3)
If we assume the stress to be zero, then G con be expanded in
powers of the polarization, with the coefficients supplying the
temperature dependency* If the crystal has a center of symmetry
abovo the transition temperature only even terms are significant*

2Therefore G can be expanded in terms of P as

- i  fctfc'V* V V W  * V  ♦ V ) ♦
+ t j r  "  ) +  • • (2A)

whore Go is the mean free energy for zero polarization and the 
g's are the temperature dependent coefficients.

One may apply Eqt.2.1* to the whole te-peroture range since 
tho polarized phase below the transition temperature is considered 
as only a slight distortion from the unpolarlzed state above 
the transition temperature*

If one assumes that in the ferroelectric phase tho spontaneous 
polarization lies along the z-diraction and the electric fields
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arc only applied along this direction then P^PysO and 
Ej^Ey^O. Therefore, Eqt*2.H- becomes

&  +  x j p ‘ (2.5)
where , and ^ are the new temperature dependent coefficients 
commonly used instead of tho g's.

Differentiating Eqt.2,5 with respect to the polarization, 
and using Eqt.2.3, one obtains

| £  -  S *  * P  + H* P* ♦ S ?S (2.6)
Neglecting saturation effects, the electric susceptibility 

above the transition temperature is defined by "̂ p = ^  for zero 
polarization. Therefore by differentiating Eqt.2.6 with respect 
to P, and setting P=0 one gets

or
K = X

In order for the dielectric constant to obey a Curie-Weiss 
dependence (i.e., a 1/(T-TQ ) dependence), the Devonshire theory 
requires that cf. be approximated by the linear temperature

function * = M T - T o ) (2-8)
while ^ and ^ are considered constant in the first approximation*
The free energy then becomes

G-=<r. (2>9)
In all known ferroelectrics,^ and ^ are positive. However,

£ can be either positive or negative* Therefore the dependence 
of the free energy on temperature and polarization is strongly 
dependent on the sign of If £ is negative, the free energy 
describes a ferroelectric with a discontinuity in the polariza­
tion at the transition temperature* This represents a first-order
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transition with a latent heat and a discontinuous specific 
heat. If if is positive, Eqt.2.9 describes a ferroelectric 
with no discontinuity in the polarisation at the transition 
temperature. This represents a second-order transition, charac­
terized by no latent heat and a continuous peak, in the 
specific heat. Only the second-order case will be considered.

2a.The Dielectric Constant
According to the above, for the second-order case 0, if, and 

S are all considered positive. Assuming this consider the G 
versus P curve shown in Fig.2.1. Since stable states are those 
with a minimum free energy, this curve must have either one 
minimum at P=0 or a pair of minima symmetrically on either side. 
This can be seen from Eqt.2.7 that if <f\ is positive there will 
be a minimum at P=0, if it is negative, a maximum, which implies 
a pair of minima on either side. The case for a single minimum 
at P=0 for ferroelectrics corresponds to the situation for T> T0 . 
(See Fig.2.1 .) The spontaneous * polarization may have either 
of two values, +Pg or -Pg corresponding to the situation for T<T0, 

In order to observe qualitatively the behavior of the 
diolectric constant near the transition temperature, one uses 
Eqt.2.6 to obtain

e=vs(T-T.)pi-irp*i.*pr  (2
The dielectric stiffness is defined as the reciprocal of 

the electric susceptibility and is obtained by differentiating 
Eqt.2.10 with respect to P, and using Eqt.2.7 to obtain

x  ■  I f  (2

.10)

.1 1)
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T < X

T  > T

FIG. 2.1*
The Free Energy as a Function of the Internal 
Polarisation for a Second-Order Phase Transition
(a) Below the Transition Tenperature and
(b) Above the Transition TOnperature.
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Since the electric susceptibility is directly proportional 
to the dielectric constant, the stiffness constant %  is con­
sequently inversely proportional to the dielectric constant*

The spontaneous polarization is obtained by setting E=0 
in Eqt.2.10, solving for P, and accepting only the real 
solutions.. Examining the results for the different temperature 
intervals, we see that for T < T 0y where it was shown that two 
solutions for P exist, one obtains ^  .

If T>lo there is one real solution, which is equal to zero.
It is to be noted that if all three coefficients jf, and t> 

are positive the terms in P** in Eqt.2.10 and the terms in P^
m

in Eqt.2.11 can be neglected near the transition point, since 
here P-*0. Therefore Eqt.2.10 becomes

f i ' - ^ C r - T J P + y  r* (2.13)
and Eqt.2.11 becomes

> ^ = /a ( T - T . J - f 3 y p a- (2.1W)
From Eqt.2.13 the spontaneous polarization may be approx^ 

imated by r- a . — f U.
P»= L $  (T -T .iJ /a- (2-15)

Eqt.2.15 that as the temperature approaches T0 , P8 gradually 
goes to zero. Since there is no discontinuous change in P8 , there 
can be no latent heat associated with the ferroeleotric-paraeleetrlc 
transition. This describes what is called a second-order transition. 

For the case where T)T0
*  ($ ( T - T . )  (2.16)

since P=0.
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For the case where T<To» substituting Eqt.2.1? Into 2.1*f
gives _

K - * > ( T - T -) » . , «
Thus, no matter which way the transition point is approached, 

from below the transition temperature or above it, at 1^T0 
the dielectric stiffness vanishes, resulting in an infinite 
diolectric constant. Although the experimental dielectric con­
stant of most ferroolectrics measured has been shown to increase, 
it always remains finite. The infinity results from a lack of 
a completely correct model.



2b. Tho Specific Heat
From Eqt.2.3 we can obtain an expression for the entropy 

of the ferroelectric material

S —  —  I v t  (2.18)
Using Eqt.2.9 wo can determine the change In entropy between 
states with polarization and states with no polarization

- Sa-S = (2»i9)

where Sn = ia the entropy for zero polarization.w *T
In most ferroelectrlcs t and % do not vary much with temperature, 

giving for the entropy change

A S  = ^ / 3 P l (2.20)
Below the transition temperature, P is the spontaneous 

polarization, P# given by Eqt.2.12. Therefore

S  =  S 0- ^ [ [ (^ (V T ) J'/*__(} (2.21)

Below the transition temperature, but near it, Ps is givon by 
Eqt.2.15. Therefore the entropy near the transition point becomes

5 =  So - Jr (T-T.) (near T0 )
Now the specific heat is given by

(2.22)

C = T ( & )  <2.23)

Using Eqt.2.21

A c . -c.-cr= y&(TrT)]~* (2,2W
where cp = T ( ) ^ ) T )  is the specific heat at constant polarization, 
and Ac is the excess specific heat due to the temperature 
variation of the polarization. From Eqt.2.21* we see that Ac
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increases as the temperature approaches TQ , at which point, 
using Eqt.2.22, it has the value:

A C  (at T=T0 ) (2,z5
Above the transition temperature,Ac is zero, from Eqt.2,20, 

since the polarization is zero. This gives the typical lambda 
transition of the second-orderphase change.

It is noted that the thermodynamic theory of ferroelectric!.ty 
does not attempt to relate any of the macroscopic properties of 
ferroelectrlcs, such as specific heat, and dieLcctric constant 
to a microscopic model. It merely relates macroscopic properties 
to each other, describing them in terms of parameters, such 
as if, and^ which must be determined experimentally. To 
attempt a microscopic description at this point would be futile 
since none exist which are free from serious objection. The 
most common theory, the dipole theory, falls to account for 
many experimentally observed features, such as the two Curie 
temperattires of Rochelle salt . Other models have correspondingly 
serious defects. A microscopic theory will be described In 
the next chapter, In terms of lattice dynamics.

In any event, phenanthrene does exhibit one of the features 
of a ferroelectric-like materled. It possesses a second-order 
or lambda transition In its specific heat.1'* It will be seen 
In the remainder of this chapter, that In seeking addi­
tional ferroelectric-like behavior, an anomalous peak in the 
static dielectric constant was observed. Phenanthrene thus 
exhibits another ferroelectric-like property.



Experimental Tochniaues
The dielectric constant of a material may be determined by 

using the substance os the dielectric material for a parallel 
plate capacitor. The standard equation for such a capacitor, 
neglecting edge effects (which are smaller than the other 
sources of error present in the experiment ) is

Using electrodes made by painting opposite sides of an oriented 
crystal sample we can measure A, the area of the electrodes, and 
d the separation between the electrodes (i.e. the crystal 
thickness). The capacitance, C is determined by using a sen­
sitive capacitance bridge. In this way Eqt.2.26 may be solved 
for £, the dielectric constant.

The simplest form of Debye equation relating the dielectric
16constant of the material to its dipolar properties is

where N, is the number of molecules per unit volume, is the 
polarizablllty, fK is the permanent dipole moment of the molecule, 
k is Boltzmann's constant, and T Is the absolute temperature,

A more useful form of the equation is obtained by multiplying 
both sides of Eqt,2.27 by M/d, vhere M is the molecular weight 
and d is the dengity, This gives the molar polarisation

vhere N is Avogadro's number.
The second term in the parentheses represents the average

r  3  A  &  
-5T (2.26)

(2.28)



26
electric dipole moment per molecule in the direction of the 
field produced by the orienting influence of the applied field.
For this term to contribute to Eqt.2.28, tho molecule must 
possess some rotational freedom.

S i n c e a n d y x  are usually temperature independent, P is 
the sum of a temperature independent Induced polarization Pj 
and a temperature dependent orientation polarization PM •
Also, Pj is made up of the sum of the electiroic polarization,
PE , and the atomic polarization P^ • Therefore,

P  =. Pe- -t P* + P m  (2.29)
where only PM is temperature dependent. If the molecular dipole 
moment is zero, or if the molecule Is so hindered in the crystal 
that it is not free-to orient Itself with the field, then

The polarization of a material by electronic dis­
placement occurs in about seconds. Atomic displacements
require from 1 0 " ^  to 1 0 ~ ^  seconds. However, molecular orlenta-

•12 - mtlon may take from 10 1 to 10 ,v seconds or longer. Therefore,
12if a field Is used wttch has a frequency greater than 10 cycles 

per second, the molecule can not move rapidly enough to follow 
the changing field. This results in the so-called optical dielectric 
constant. For fields having a frequency less than 1 0 ^  cycles 
per second, the molecules will see an essentially static field, 
resulting in what may^call the static dielectric oonstant.
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3a. Tho Crystal Sanrnlo
The sample material was research grade phenanthrene, further

purified using now standard techniques of liquid chromatography,
17 18vacuum sublimation, and zone refining. 1’ The phenanthrene

was also treated with maleic anhydride and KOH to removo any
19anthracene and fluorine impurities. The resulting impurity

level was of the order of 0.1 part per million of anthracene
and less than 5 parts per million total impurity, as determined
by spectrophotometric analysis. This analysis was performed
using a Cary 11*- Recording Spectrophotometer.

Single crystals were grown from the melt using the standard
20Bridgeman-type furnace. The growing time for a five Inch boule

was about five days; The temperature of the furnace was then
dropped to room temperature over o period of about seven days
in order to prevent cracking the crystal. The boule was then
slipped out of the growing tube, which had been coated with a
silicone release agent.

The crystal boule usually showed small cleavage planes when
tilted at various angles to the light. Using a razor blade,
one can easily cleave the boule by holding tla blade parallel to
one of these planes* This exposes the a,b plane. The £  and &
directions may be determined by observing the double refraction,

21according to the method proposed by Nakada .
Samples were prepared which were about five to ten millimeters 

on a side and about one millimeter thick. The sample preparation 
Involved polishing the crystal on a fine tissue paper soaked In
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ethanol*

To make the sides as parallel as possible the crystal sample 
was glued to a glass slide, using "Duco" cement, and taking 
care not to get any cement under the crystal. Walls were then 
built up on either side of the crystal using thin cover slides, 
until the height of the walls was just below thot of the crystal.
A razor blade was then used to shave the crystal flat. Turning 
the crystal up-side-down and shaving the new side insured 
parallelism for the two sides.

Using "Dupont j$MSl7" silver conducting paint,#thinned with 
butyl acetate, two opposite sides of the oriented crystal were 
painted to form the electrodes of a parallel plate capacitor.
The crystal thus acted as the dielectric material for the capacitor.

3b. The Sample Holder
The sample holder is shown in Fig.2.2. It consists basically 

of a nylon block, with spring-loaded electrical leads at one end 
for connection to the crystal. At the other end, the spring-loaded 
wires were connected to low capacitance coaxial cable, leading 
to the capacitance bridge. ?he shielding around the cables was 
joined and connected to the grounded shield around the sample 
container in the inter bath.(See next section.)

The spring-loaded leads were cemented to the painted electrodes 
using unthinned "Dupont #f8l7" paint.

A chromel-alumel thermocouple was Introduced through the 
nylon block as close as possible to the crystal, to monitor
the local crystal temperature.
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3c.The Tomporaturo Bath
» * » . < *

Tho sanple holder was placed in a shielded sanplo container, 
which was in turn immersed in tho temperature bath, see Fig.2.3. 
It is to this shielded containor that tho coaxial cable shield­
ing is connected.

The open top of the shielded container was closed with 
aluminum foil after the sample was placed inside. This helped 
to maintain stable thermal conditions.

Since the temperature was not to exceed 85 °C, a water bath 
was used. Going above this temperature ran the risk of acciden­
tally melting the crystal.

A knifeblade heater was used to heat tho bath. A mechanical 
stirrer was used to maintain a uniform temperature throughout 
the bath. A glass thermometer provided crude determinations 
of the bath temperature. A more accurate value for the bath 
temperature was obtained using the chromel-alumel thermocouple 
associated with the bath temperature controller.

The bath containor was a 1500 milliliter Dewar* A styrofoam 
plug was used to seal the top of the Dewar and provide thermal 
insulation. The appropriate holes were cut in the plug to 
allow the necessary wires to pass out of tho Dewar.
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36. The Electronics
The measurement was made using a General Radio, three wire 

capacitance bridge,Type 1616-A, along with the General Radio 
JUio Oscillator, Type 131t-A, and the General Radio Tuned 
Amplifier and Null Detector, Typo 1232-A.

A wide range of capacitances can be measured with this 
apparatus. Tho lower limit on the capacitance bridge is 
10/xpicofarads (10“^ picofarads). The null detector also 
.provided an extra preamplifier when dealing with a very high 
impedance sample. This was especially useful for the high 
impedances exhibited by phenanthrene.

The temperature controller used was the Precision Temperature 
Controller, Model 10*t, Bayley Instrument Company.

A Honeywell-Brown Electronic Potentiometer Recorder with 
a range of 0 - 10.1 millivolts, was used to monitor the 
local crystal temperature.

3e. Techniques and Results
The temperature was increased in increments of 0.05 to 0.10 

millivolts at a time, using a chromel-alumel thermocouple to monitor 
the sample region temperature. The system was allowed to equilibrate 
by waiting ten to fifteen minutes after each new
temperature was reached, before a reading of the sample capacitance 
was made.

It was possible to adjust the rate of heating to a relatively 
slow value ( about 0*3 degrees centigrade per minute while the 
heater was on) so that there was no detectable thermal overshoot*
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As a result, the temperature was controlled to within ±0*1 
degrees centigrade, or about ± 0.005 millivolts on the chromol- 
alumel thermocouple.

The measurements were made at a frequency of one thousand 
cycles per second, with a field strength of 150 volts/centimeter 
across the crystal.

The results of the capacitance measurements,for a temperature 
interval including the anomalous region, in the three crystall- 
ographic directions, a, Jj, and £*, are shown in Fig.2.1f. Ohe 
data points represent the measured capacitances. It is noted that 
there is anomalous behavior around 70 degrees centigrade.

The solid curve represents the capacitances corrected for 
the thermal expansion of the crystal.

Anomalous changes in the temperature dependence of the static 
dielectric constant (the static dielectric constant is directly 
related to the measured capacitance through Eqt.2.26) is observed 
in all three directions, although a peak is exhibited in the 
£  direction.

3f. Correcting For Thermal Expansion
As the crystal dielectric expands with increasing temperature, 
the painted electrodes move further apart, accounting for some 
of the variation in the value of the measured capacitance with 
temperature. To correct for this one must examine the standard 
equation for a parallel plate capacitor, where we consider the
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parameters that are temperature dependent. This equation is:

C f O  - 0-08911' fl-e.(T) (2.30)

where A is the area of the painted electrodes, in centimeters,
€  is the static dielectric constant, d is the separation of the 
painted electrodes, in centimeters, eK is the linear coefficient 
of thermal expansion, the T's are the various temperatures, and 
C is the measured capacitance, in picofarads.

Therefore, the capacitance we measure is too small, due to 
the expansion of the crystal, by o factor of 1 ^ 0  3 .
To correct for this, we must multiply C(T) by the reciprocal of 
the above factor, giving:

c t (t > »  c m  L \ * * c t - t o 3  (2* 3 n

The results of these corrections are the solid curves in Fig,2A* 
The method for obtaining the anisotropic linear coefficients 

of thermal expansion of phenanthrene is explained In Appendix A.

Discussion
As would be expected from the thermodynamic theory of ferro- 

eloctries, presented in Section 2 of this chapter, the static 
dielectric constant should show an anomalous increase, and indeed, 
the results, as seen in Fig,2.^, agree with this prediction.
This occurred in the temperature region already singled out 
for inspection because of the anomalous specific heat peak in 
this temperature region.
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Tho fact that an anomalous Increase In the static dielectric 
constant was observed adds new incentive for investigating 
other properties that a ferroelectric-like material might bo 
predicted to hove. This leads to a study of phenanthrene from 
the lattice dynamical point of viow, which will be roviewed 
in the next chapter.

However, some attempt at a microscopic model to explain the 
ferroelectric-like behavior exhibited by phenanthrene will be 
made here.

It has been indicated earlier that cooling a phenanthrene
crystal from above 72 degrees cenftgrade in a d.c. fiold induces

22a bulk polarization which cannot be reversed, a behavior 
similar to that of electrets. This polarization has been found 
in three crystallographic directions, with an effective dipole
moment of 10"^D per molecule in the c 1 direction. Structure

23 2*+work by both x-ray J and neutrons at room temperature hove
shown the crystal class of phenanthrene to be P2| , indicating
a two-fold screw axis. With such a space group, If any permanent
dipole moment were present in the molecule, it would have to be
in the £  direction, since any permanent dipoles associated with
the molecules would cancel out in the other directions, as can
be seen from Fig.1*2. The phenanthrene molecule is ordinarily
slightly distorted from a plane, with the outer two rings being
displaced in opposite directions from the plane of the plane of
the central ring. J It may be conjectured that the overcrowded
hydrogen atoms in the positions of the molecule can undergo
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a hinderod libration above the anomaly temperaturo. In Fig.2.5a* 
tho side view of tho phenanthrene uoleculois seen In the 
normal configuration in tho crystal at room temperature, as 
suggested by Trotter^, and confirmed by Kay2lf using neutron 
diffraction techniques. Kay has, in fact, sbwn the *f,5 hydro­
gen atoms to be on opposite sides of the central ring. The 
angles in Fig.2*5 are grossly exaggerated, and are actually 
of tho order of one degree. Thore cannot be an effective 
dipole moment In the molecule which arises from this con­
figuration, because of its two-fold symmetry. On increasing 
the temperature of a crystal, i.e. going through tho anomaly 
region, thermal expansion could lower the barrier which hin­
ders the motion of the M-,5 hydrogen atoms and permit the 
new configuration shown in Fig.2*5b. This configuration can 
give rise to a permanent dipole moment in the a direction*
In agreement with tho observed peak in the dielectric constant. 
This configuration could be stabilized in cooling through 
the anomaly temperature by applying on electric field.

The above configuration implies that phenanthrene polarized 
in such a way would no longer belong to the P21 space group.
An investigation of this would be interesting as a check of 
this model.

It is also noted that an increase in the configurational 
entropy is suggested here, indicating an anomalous increase 
in the specific heat, as was reported.
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CHAPTER THREE

1.Introduction
Experimental work on second order transitions have been 
primarily directed towards investigating the macroscopic 
properties of the various materials. Specific heat, dielectric 
constants and elastic constants typically recieved special 
attention. (See Chapter 2.) Anomalies in any or all of these 
properties provide initial evidence for the existence of
phase transitions.

More recently, due to some theoretical work by Cochran * , 
the suggestion was advanced that some second order phase tran­
sitions resulting in a structural modification may be considered 
from the point of view of lattice dynamics.

The essence of Cochran's theory was that the structure
should be unstable against a particular mode of vibration. By 
the usual criteria for stability, this meant that the frequency 
of this mode should vanish at the transition point. Furthermore, 
Cochran shoved that the static dielectric constant should bo roloted 
to on anomaly in the transverse optic mode, in the cose of a 
ferroelectric transition, in accordance w±h the Lyddane-Sachs- 
Teller relationship^ , f where £* is the static or
low frequency dielectric constant,£«• is the optical dielectric 
constant, is the frequency of a longitudinal optic mode and 

is the frequency of a transverse optic mode of vibration.
In Cochran's theory, the coefficients of the dynamical matrix

are allowed to vary with the temperature in such a way that the



transverse optical frequency vanishes at the transition temp­
erature directly as (T-Tc). Using the Lyddone-Sachs-Teller 
(LST) relationship one can see that if

r  - t l
this Implies that

in agreement with experimental results for ferroelectric
transitions.

kCowloy attempted to derive the temperature variation 
of the phonon frequencies using a microscopic theory. In 
his theory, Cowley attributed the temperature variation of 
the frequencies of the modes of vibration to the enharmonic 
terms of the interaction potential. Using the expansion of 
the potential in terms of atomic displacements, including 
the third and fourth order terms, ho calculated the shift 
and damping of the vibrational frequencies using perturbation 
techniques. He used the frequencies that he calculated (at a 
given temperature) from this perturbation technique in a 
thermodynamic theory of the actual transition. He did this by 
expanding the free energy of the lattice in powers of distortion 
parameters. The coefficients of this new expansion depended on 
the frequencies of vibration calculated earlier.

The theory is compromised by using a perturbation method if 
the shift in frequencies is not small.J In the case of certain 
phase transitions, it is observed that the phonon dispersion curves 
undergo drastic variations at the critical temperature.^

4
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The actual three-dimensional problem must be considered as 
a difficult nany-body problem, strongly dependent on the 
actual form of the Interaction potential*

2.Lattice Dynamics
It is the purpose of this chapter, after first establishing the 

vocabulary of lattice dynamics, to indicate the particular 
relevance of cold neutron inelastic scattering as a probe for 
investigating the lattice and molecular vibrations of solid 
phenathrene. The results of such an investigation will be discussed 
and further evidence of ferroelectric-like behavior of phen-
anthrene will be presented.

For a model, a simple Bravois lattice will be assumed, with 
the lattice points given by

R i o  r, (3,1)

where and t( are integers and the r^ are the unit lattice
vectors. All combinations of correspond to lattice points.

/

2a.The Three Dimensional Dispersion Relationship 7
The assumed three dimensional crystal lattice has N atoms,

whose equilibrium positions are given by The interaction
—. ■— , *•+

potential is given by V(Ri-Rj), where Rj=Rio+bRt • The Hamiltonian
for the system is given by

H  = L  fl/an + &. (3.2)I
where the factor £  enters since pairs of interactions are counted 
twice.

We may expand the potential in a series about the equilibrium



positions of the atoms
=  1  [ v u S - O *  • •

u
‘«»j t <■+> _

+  i C / i l t - y i X x l i - t j t )  + •  •

Hsli -̂ Xr*; -Vi)} (3.3)
The linear torm in the expansion does not contribute since 

the force on any atom vanishes atthis equilibrium position.
The enharmonic cubic and quartic terms are not included.

If the potential energy is well behaved, it may be expanded 
as a Fourier series. Thus,

V t r - i r i) = X V k e L 7 '(̂  (3.W

where we sum over all values of the wavevector k. Using Eqt.3A 
one may evaluate the second term on the right hand side of Eqt#3*3* 
We get

(3.5)o
Hie expression in brackets is a dyadic and Is defined as

C i i c *  - f \  eS*'1 ijkj' <3,6)

Similarly, the last term on the right hand side of Eqt.3.3 niay 
be evaluated as follows: ^

i a )



The expression in parentheses is again a dyadic, defined as■ t "** **'
0 , ^  =  2. (3>8)

We may now rewrite Eqt.3*3 as

“*■;)- cof»s-v«̂ »>+ *■ S"(Vi * Q, i j * ^t,J Cj )
Uj

One can now also rewrite the expression for the system 
Hamiltonian. Eqt.3.2 becomes

H  =  t  p . ‘/a<>v *  i  X , ' ' ( « ? , - ? * ) . i  I.. ♦  QCJ • si; C 3 . 1 0 )

*■ ** thThe equation of motion for the i atom is then
f ^  H  (3.11)

or
(VVS',«C = - <Zt j * S (3.12)

Considering the solution to be oscillatory, let
r * i  « S7?;. e - t wt (3.13)— > ..

where of\;a is the time independent displacement of the 1 
atom and w  is the circular frequency.

Substituting this into Eqt.3.12 gives
cn u l A l0 =. -Z Q;j • SRj. <3.1*0

j
Because of the periodic nature of the crystal array, there is

XU
nothing to distinguish the motion of tho 1 atom from that
of its neighbor. Consequently,

f*. -  c X 7 £ R „ .  (3*15))o

where the atoms are separated by Integral multiples of the elementary
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lattice vector r. (See Eqt.3.1.) Eqt.3.15 is essentially the
9form of Floquet's theorem Which says that the solutions of the 

Hamiltonian equation for the system with a periodic potential 
are plane waves modified by a function which has the same 
periodicity as the potential* This allows us to write for 
the time independent displacement:

Si;, =  « - 16>A
whore 6 k is the unit polarization vector for the plane wave, 
and Ok is the magnitude of the displacement and has the periodicity 
of the lattice.

Substituting Eqt.3*16 into Eqt.3-11*- givos us finally
C fe. • (

-U;j

which is the dispersion relationship, expressing U> in terms of 
—*wavevector, k. The subscript A is introduced to indicate that 

corresponding to a given direction of propogatlon and wavelength 
there are three polarizations and frequencies. The three polar­
ization eigenvectors are orthonormal.

The actual solution of the dispersion relationship between to 
r*and P* is a difficult many-body problem. Fortunately, its solution 

is not required in order to discuss qualitatively the behavior 
of the dispersion relationship, which will be useful in explaining 
the results of the neutron scattering experiment, described 
later in this chapter.

It is further noted that the cubic and quartic terms were

Mu.,1 £a„  =  l Q ;i . 2 ^ - 0 . 1 7 )
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omittod in the expansion of interaction potential. These
anharmonic torms give rise to macroscopic phenomena such as
thermal expansion and a linear term in the specific heat at

10higher temperatures. From a microscopic point of view, these 
higher-order terms give rise to the possibility of interaction 
between phonons. It bocomes possible to have phonon-phonon 
scattering take place,which will obviously become a factor 
in thermal conductivity. This added complexity is, however, 
not relevant to this discussion and will not be pursued.

2b.The Number of Independent Modes
It is to be noted that not all the k vectors are independent. 

This can be seen by considering the Laue conditions for wave 
diffraction11, which state that wavevectors must obey the relation­
ships

cf • £> W rr
to* A b  as ) 0P r * (integer) * 2.tr ^

c • ̂  k =  axrs 

where q,r,and s are Integers, and
A a  A  (^*19)r = V> ^

is the lattice displacement vector in configuration space, with 
n1yn2, and n^ being Integers also.

To relate this to the space dependence of the k vectors, 
one must introduce the concept of reciprocal vectors* These



11reciprocal lattice vectors ore defined os'1-n ^ A
ft-- Jn .JL* L

A. * W*t-A ^ (3.20)<3 • fa Kt
■“*’ a » r
C = 3" ^ — -« * k tec,

and have the units of (length)* •
Any arbitrary vector in the reciprocal lattice may be formed

as
G- - K/C-vwi? c (3.21)

where h, k, andl are integers.
Forming the scalar product between G and r will demonstrate 

the significance of G. Performing this product, wo havet

r • (oi,ft vr\1t ■* k B ■+ i C  )

(3.22)3 n  ( m  + eeier^
Comparing Eqts«3*l8 and 3.22, we see that if A ^  is equal 

to any reciprocal lattice vector G, then the Laue conditions are 
satisfied* Therefore,

A.te- = &■ •- 'h *' (x (3#23)
This states that the wavevector k is unchanged if it is replaced 
by k + G. The restriction is therefore made that all the indepen* 
dent k vectors lie within the volume contained within the parallel*

4 *
piped defined by the reciprocal vectors of smallest moduli, A, B, 
and C, This is defined as the first three-dimensional Brlllouln



zone, and is equal in volume to:
-* -► C^tO 3 (JTT\S
ft’ p > * G  = 5 .-;,j- = (3.&)

where VQ is the volume per atom in configuration space. This
volume calculated in Eqt.B^1* represents the range of the

'M2vector k * It is an obvious generalization of the one-dimensional
range of k which is 2 ^ /  a.

Again generalizing from the one dimensional case, where there 
is one allowed k for each volume (2fVL) in k-space, we get for 
the density of points in k-space:

* < *  >* ° - !s’
where L is the length of the side of the cubic sample, with 
periodic boundary conditions.

The number of points in k-space (i.e., the number of independent 
modes of vibration) is then obtained from Eqts.3*2^ and 3.25, 
and is

,J_.S tanl* _  (3.26)
VTT' v.

since IP»NV0 . The number of independent modes is thus equal to
the number of atoms in the sample. Since each mode may exist in
any of three polarizations, this leads to 3N phonons for the 
system.

Frequently, as in the case for this Investigation, one is 
more interested in the number of states per frequency range.
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The density of states for a particular frquency OJ is obtained
as follows: * j u mjl

ja m  -Jf- (3.27)
dlkor

o ® M =
I V I  (3,28)

We can obtain j^uj from the dispersion relationship, Eqt.3*17»
once the interaction potential is known. It is also to be noted
that v | v |Vf a | V k w |  (3#29)

where Vg is the magnitude of the group velocity.
Eqt.3»28 is important because it is essentially «£)(io ) which 

will be observed by the neutron scattering experiment to bo 
described later in this chapter.

2c.The Lattice With a Basis^
Consider a one-dinensional solid composed of tv/o atoms per 

unit cell. Instead'of obtaining one equation of notion as in 
Eqt.3.12, one obtains two equations, one for each atom In the 
unit cell.These are,

U A + “ 2. w *'t)
where u Is the displacement, and n labels the unit cell. Itoe

♦

two equations cannot be satisfied by a single plane wave, so
two waves are assumed, one passing through atom n,1, and the

{*.

other through atom n,2,
C(wk + k r . . , )



where the r's ore the actual positions of the atons, and the
q's are amplitudes. Substituting these solutions into the
equations of Motion results in two simultaneous equations for
the displacements of the two atons,

-uJ'm. «j( €/*** + e~Lk*)
-Ml.

where rn,1 = nBim ^  standard analysis,these two equations 
can give nontrivial values for the displacements only if 
the determinant of the coefficients of the displacements is 
set equal to zero,

— ip c*»ke.
■>/«- m » w ^

Evaluating the secular determinant results in a second 
order equation for in terms of k. The equation has two 
sets of solutions,

Ul = / ° \  Wt J - P L *  1 * * *  IH tD l i  J
*

Thus for each value of k there are two distinct modes of 
vibration. The modes in which the two atoms in a given cell 
are in phase with each other are called the acoustic modes, 
The modes in which the two atoms are out of phase with each 
other are called the optic modes. (See Fig*3.1 for the case 
of ionic basis elements under traaverse polarization.) 
Intuitively, one can see that for a given k, the optic modes 
will have a considerably higher frequency than the acoustic 
modes, since the out-of-phase motion of the two neighboring 
atoms can give rise to a higher frequency of vibration than



TRANSVERSE OPTIC MODE

TRANSVERSE ACOUSTIC MODE

FIG. 3.1

Q M  Uauuiofitl Ionic lull lit— to Utodtrgoin* 
t r u m r M  Polarisation. (a) Tht Optic Mod*, 
(k) lh« Acoustic Nodo.
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the in-phase notion.
Fig.3«2 shows the result for ttie one-dinensional dispersion 

relation of the lattice with a basis.1^ Waves within the forbid­
den region, indicated in Fig.3*2, are damped and will not 
propogato. Both the acoustic and optic branches are shown 
for the first Brillouin zone. It is to be noted that the two 
branches intersect the zone boundaries perpendicularly. This 
is equivalent to saying that the group velocity, Vg=dw/dk, 
is zero. The lattice will therefore support or.ly standing 
waves at k=^/2a* (The basis dimension in this case is 2a.)

I

*



I?

1 •n
©•

: o Oi•ro

f
i i

1st BRILLOUIN ZONE BOUNDARY10

u>

ro
1st BRILLOUIN ZONE BOUNDARY

i

►s



55

1 u.2d .The Lvddane-Bachs- Teller Relationship
In deriving the LST relationship, it is helpful first to con­

sider the differences between longitudinal and transverse pol­
arizations. We will also be concerned with the long wavelength 
(k 0) or continuous limit. We may therefore use Maxwell's 
equations for continuous media.

Let the polarization per unit volume be given by
p - f ) (3.30)

This polarization is associated with a time varying E and D
fields,

E =  (3.31)
8nd r? J? - U k t r - ^ t )

D = D„ e  ' (3.32)
using the standard expression,

B , =  i  (3.33)
Maxwell's first equation may be evaluated using Eqt.3«33 by 
taking the divergence of D,^

q , D  = vf*E * ttj = O  (3*3^)

If there is no free charge density present. This gives for the 
divergence of E,

K7- F  = - 4tt V ' ?  (3^35)
Vbr the ease of transverse polarisation, K and P are perpendicular, 
*° Slt«3«3$ becomes, using Hqt.3.30,

X7*E = -Hit (ih • p ) =. o (3.36)

To sovle this equation for X, one sees that E is either a
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constant, which mcy be set equal to zero, or &= (constant)F.
—> 4

If there are no sources for transverse E, E and P cannot be 
parallel and the latter possibility is not correct. Therefore 
one finds that

E=0 (Transverse) (3»37)
In the case of a time varying longitudinal polarization,

P and k are parallel so Eqt.3.35 must be evaluated. To a con­
stant tern, we may express the field then, using Eqt.3.35 as,4

E=Vttp (Longitudinal) (3*38)
whore a longitudinal polarization is then associated with a
longitudinal electric field.

Consider now the case for positive and negative ions, dis­
placed in opposite directions by x+ end x_,respectively.

The ionic polarization per unit volume becomes

P -  ± 4  =• —- -  (3.39)5 V  J i

vtiere a la the lattice spacing and SI = 2a', the volume per Ion pair. 
The equation of motion for the displacement is given by

o.'w)

where F la the restoring force and j K  la the reduced mass of 
the ion pair.

In the transverse case, ignoring the damping terns, the 
restoring foree may be rewritten ast

= - / * . C J Tl X (3.M)

corresponding to free harmonic oscillations* where fi is the 
force constant, and y T Is the transverse vibrational frequency.
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Eqt#3#l*,0 becomes
X  + W-j- X —  O  (Transverse) (3*^2)

In the longitudinal cose, the restoring force is given by
(3A3)

The first term on the right hand side of the equation is 
identical with that in Eqt.3.^1 arises from the overlap 
of the displaced ions# The second tern is due to the longitudinal 
electric field associated with the longitudinal vibration.
Thus the equation of notion becomes:

V  -t- (Ot X - n  (Longitudinal) (3J
A ' M

As we saw in Chapter 2, the polarization P must include 
both ionic and electronic contributions,

since the ions cannot follow the changes in the field# Pe 
nay then be written in terms of the high frequency dielectric
constant,^ , by rearranging Eqt#3*33 ft™3 remembering that D=tE

P^Pi+Pe
At optical frequencies, the ionic contribution vanishes

ve get O M )
HIT

Therefore, using Eqt.3.39

(3.^7)
or using Eqt#3.38

Solving Bqt.3*1̂  for E, one gets

(3***9)
St
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so that Eqt*3*^ takes the form
V •» V  =  o  <3*50)

1 y^sia-, '

This has the sane form os Eqt.S.^ if the longitudinal frequency 
CJU is defined as

u>*'= w r" + in^L" <3-51)
/a Si 6 ^

In evaluating this,one must consider the two solutions to
Eqt.3«l}lfj one for each ion. They ore

X = - G  ( E -  )— w m  (3»52)

where plane wave solutions were substituted into Eqt.3.1̂ .
At very low frequencies, where the ions are able to follow 

the field, the maximum displacement is:
x _  v -v = -gjL (3.53)
A  * + A -

Therefore the ipnic contribution to the polarization becomes, 
using Eqt.3*39,

e > g — >U)r (3 *5*0
Also, since (£"*) e Vnp/E, we gets

A £ - ^ T a P = £ , - £ « .  (3.55)

«b.r. Eg 1. tbs lov frequency or static dielectric constant.
Substituting Bqt«3«5^ into 3*55 fives

( ^ • • ( C s - e - ^  (3 .5 # )

Substituting this into Bqt»3«5l gives

(3.57)
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which may be further simplified to read!

This is the Lyddane-Sachs-Teller relationship1^. Since this

(3.58)

relation was derived using .the continuous limit, it applies 
for vavevectors near zero and for optic frequencies.

3.Motivation For a Cold Neutron Inelastic Scattering Investigation

Eqt.3.58, the Lyddane-Sachs-Teller relationship, represents the 
primary reason for performing the cold neutron inelastic scattering 
study of phenonthrene. In view of the results of Chapter 2, in 
which an anomalous increase in the static dielectric constant 
was observed, Eqt,3.58 predicts that a diminishing of a transverse 
mode of vibration should occur at the same anomaly temperature,Such
H |fft softening of low lying (k-*0) modes has been observed in some

* 17ferroelectric materials at their transition temperatures. '
If one were to perform a coherent scattering experiment 

on an oriented single crystal, one might hope to obtain experi- 
mentally the dispersion relationship between to and k. This would 
provide us with a picture similar to that in Fig.3.2, but for 
three dimensions, where the behavior of low lying modes of vibration 
could be observed.

Unfortunately, for most hydrogenous material, the scattering 
Is essentially entirely incoherent, This makes it impossible to 
determine the particular values for k. One cannot then obtain 
data directly on the shape of the dispersion curve.

of PhentTntnrcne
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It will be shown later in this chapter that in the exper­
iment tfyat was performed one observes essentially the density 
of inodes per frequency, However, we may relate this to
the low-lying modes by using Eqt«3»28. A decrease in the 
number of low-lying modes of vibration, determined by com­
paring density of state spectra at different temperatures, 
is associated with an increase in the slope of the small lc end of 
the dispersion curve through this equation. Furthermore, Fig.3.3 
indicates how this increase in the slope of the dispersion 
curve is related to a decrease in the value of low lying modes,
This.in turn is of significance when viewed in light of the LST relatic 

Since the range in energy of the scattered neutron spectra 
in this experiment is about from 5x10*^ electron volts to 
about 5x10"1 electron volts, the frequencies corresponding

12 1̂ fto these limits go from about 10 to 10 cycles per second, 
which is within th6 optical region.

*f*Cold Neutron Scattering in Solid si Essential Properties^
With the development of high flux reactors, the use of cold 

neutrons as a probe of lattice and molecular vibrations has be­
come increasingly common* There are several features about cold 
neutrons (energy less than 1 ev) which make them particularly 
suitable as a probe* First, the neutron-phonon coupling is 
weak, Insuring that the probe does not materially Influence 
what It Is monitoring. Secondly, the de Broglie wavelength of
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cold neutrons Is roughly comparable to the Interatomic spacing,
allowing for easy detection of large momentum transfers.
Finally, the energy of the neutrons is sufficiently low that one
can easily measure the energies transferred between the neutrons
and the phonons*

Neutrons probe a vibrational system on an eneTgy scale of
between 10*3 to 10"^ electron volts, on a wavelength scale of
the or dor of lO^centimeters, and on a time scale of between
1 to 10"1*' seconds. Comparing with different types of
probes, x-rays for example have nuich higher energies and would
be relatively unaffected by the hydrogens in phenanthrene.
Optical scattering covers essentially the same frequency range,
but the wavelength is roughly three or more orders of magnitude
greater. In general the frequency range covered by cold neutron
scattering (30-1000 cm"^) contains some intramolecular end all

* 1 0inter mol ocular vibrations .

The two types of interactions that are possible between the 
neutrons and the phonons ore elastic and Inelastic scattering.
If there is no change In energy between the Incident and scattered 
neutron, the process la called elastic scattering. If the neutron 
and the lattice do exchange energy, the process is called 
Inelastic scattering.

Because of the periodic structure of the lattice, coherent
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interference among the scattered neutrons is possible. This 
coherent scattering con occur either elastically or inelastically. 
On the other hand, randomly distributed different isotopic 
states or spin states of nuclei act to destroy the coherent 
nature of scattering. This type of scattering is basically 
different from normal coherent scattering, which is analogous 
to the scattering of electromagnetic radiation. The scattering 
of a neutron wave from a system of identical nuclei having 
spin zero would be entirely coherent. In this situation, interfer­
ence among the scattered waves is entirely probable. For a 
system of identical nuclei with nonzero spin, tho interaction 
between the nuclei and the neutrons would be dependent on the 
relative orientation of the spins of the neutrons and the 
nuclei. The random orientations effectively destroys the coherence. 
The separate nuclei scatter independently end no interference 
is observed. For nuclei with zero spin, incoherence can still 
result if the scattering length can vary from nucleus to nucleus 
as would happen in an isotopic mixture. .

Since the material being studied in this experiment contains 
an appreciable amount of amount of hydrogen, (the chemical 
formula for phenanthrene is C^&io) the scattering will be 
mostly Incoherent, since the hydrogen nuclemhas a nonzero 
spin.

The Information that one can obtain from a neutron scattering 
experiment can be grouped into several categories. Firstly,
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a measurement of the angular distribution of the scattered neutrons 
which have undergone coherent inelastic scattering, in which a 
single phonon is involved, yields directly, the frequency versus 
wave nsriber dispersion relation for the phonons* Unfortunately, 
this method for observing the low lying modes of vibration can­
not be used duo to the essential incoherent nature of the 
scattering spectrum of hydrogen.

Secondly, one-phonon coherent inelastic scattering provides a 
way for probing the phonon-phonon anharmonic interactions 
within a crystal. The neutron peaks corresponding to such 
scattering are broadened as a consequence of that interaction.
Their widths nay be measured as a function of te-.perature and of 
the wave mrtoer of the phonon under consideration. Again the 
incoherent nature of the scattering off phenanthrene militates 
against this method.

Elastic scattering provides information about diffusive 
motions in the scattering system. These diffusive processes 
manifest themselves as a broadening of the elastic peak In 
the scattered neutron spectrum.

Finally, incoherent, inelastic scattering can be used to 
obtain Information about the spectral density of the
lattice vibrations. Peaks in this spectrum indicate ma-r-fma 
in the density of vibrational states,JO(w). These states are 
ordinarily populated, at high temperatures, according to a 
Boltsmann distribution.
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For the purposes of this investigation, in which one is 
looking for ferroelectric-like behavior, an experiment which 
will provide information about is very useful,as was
explained in Section 3.

A final consideration must be given to the problem of 
selection rules. The frequencies that appear in the infrared 
and Raman fundamental spectra are those which correspond to motion 
involving the fluctuations of the dipole moment or the 
polarizability. For crystals, this means the radiation 
couples only with the transverse optical inodes. To obtain 
information about the entire spectrum, one must consider 
the overtones and combination bands where multiphonon end

20anharmonic effects cause a relaxation of the selection rules. 
Inelastic neutron scattering has no analogous selection rules. 
However, since all frequencies are active, the spectrum takes 
the appearance of a continuous band. The conventional method 
of performing an analysis based on assigning energy levels 
is thus made considerably more difficult.

5.Description of the Experiment
In a conventional inelastic scattering experiment, one must

21Insure that the following three functions are performedi 
(1) neutrons in as small a velocity interval as possible, con­
sistent with reasonable flux densities, must be obtained for 
the incident beam, (2) the energy of the scattered neutrons 
must be detected and analysed to determine the energy change,
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and (3) the angle of scattering with respect to the incident 
bean and with respoct to the sar.ple orientation must be measured 
to determine the moacntun change.

Only the third of these will not be performed, since for 
incoherent scattering we assume tho spectrum also to be 
isotropic.

The first function will be performed by using a beryllium 
filter. The second function will be performed using a 
standard timo-of-flight analysis.

.The Ueutron Bean
The experiment was performed at the Brookhoven Graphite 

Research Reactor. Fig.3*^ shows a diagram of tho Slow Chopper 
Facility located on the top of the reactor. The neutron radiating 
surface is about three meters from the sample. Since the 
spectrum of neutrons from such a source possesses a broad 
range of energies, sons method of "monochromating" the 
Incident been is required.

The technique employed to define the energy of the incident
beam consists of the use of a beryllium filter. In this method
a block of polycrystalline beryllium Intercepts the reactor
beam. Due to Bragg scattering, all the neutrons of energy
greater than 5x10*3 electron volts, (corresponding to a vave-

«vector of about 3*96 A)t nrothwlimi fra* Uio bonm. For 
neutrons of enorgy less then 5x10*3 electron volts, tho

i
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■beryllium filter is transparent, since the coherent scattering

21can only occur in the forward direction, (See Fig.3*5*)
The beryllium filter therefore acts as a good low pass filter 
for neutrons, allowing nearly 90# of the neutrons in the 
cold part of the reactor to be used, although it does not 
really raonochrocato the beam. The filter is also cooled to 
liquid nitrogen temperatures to minimize the attenuation 
of the low energy neutrons due to scattering from phonons.

The incident bean passes up through the pile top into a 
drum where the sample is located. An arm connected to the 
drum carries the chopper on one end and the BF^ neutron 
detector bank on the other end.

225b.The Time-of-Flight Analysis
Time-of-flight techniques are those where a burst of 

polychromatic neutrons is produced, and the time it takes for 
these neutrons to travel from the source of the burst (the 
chopper) to a detector is measured. The chopper thus acts as 
a neutron shutter.

Flg«3»6 shows a diagram of the chopper. It consistes of a stack 
of cadmium plated steel sheets, stacked in a four inch diameter 
shell. The rotor spins at about 7500 revolutions per minute, 
and transmits a burst of neutrons of about 30 microseconds.

Pig.3»7 Illustrates the technique of tlme-of-flight analysis 
In which the slower neutrons take longer to travel to the 
detector, so that they are counted at a later time*
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FIG. 3.5
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-CADMIUM SHIELD ON TOP. BOTTOM & BOTH ENDS
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■FLIGHT PATH OF NEUTRONS

FIO. 3.C 
D m  Slew Chopper Construction*
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In Fig.3*7 the beam Incident on the chopper is the neutron 
flux scattered from the sample. (In this experiment, the angle 
between the incident beam and the moveable arm with the detector 
bank was 90 degrees.) Assuming a Maxwellian distribution in 
energies, the chopper in the diagram opens at time t0 , successive 
subscripts indicate • later times. It can be seen from the 
diagram that after a so-called dead time, the pulse reaches 
the detectors, which proceed to monitor the different energies 
at different times.

In this experiment, a RIDL l:-00 channel analyzer was used 
to record and store the pulses from the counter *as a function 
of the channel number. The spectrum could be displayed on a 
cathode ray tube or put on punched paper tape. The channel 
separation was 25 nicrosoconds, with only 200 of the hOO channels 
being used for each run.

In order to obtain a spectrum in terms of energy, it is
necessary to determine the energy associated with each channel.
To do this one must first determine the dead time, i.e., the 
time it takes for the neutron pulse to travel from the chopper 
to the detector. It will be shown how this may be determined 
using the elastic scattering peak, the energy of which is 
determined by the beryllium filtered Incident beam and is known 
to be 5x10"3 electron volts.

The standard expression for the kinetic energy of the neutrons 
at the detector 1st

T ,  +  z (3.59)
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where Tp is the dead time, m is the mass of the neutron,
_ol+1,67x10 gr., L is the length of the flight path, 500 cm*,

N is the particular channel under consideration, and the 
constant factor converts from ergs to electron volts. If
one uses N0 , the channel number for the elastic scattering 
peak, and E=5x10"3 electron volts, Eqt,3«59 may be solved for
the dead time Tp. Thereafter, Eqt.3.?9 may be used to determine 
the energy of any desired channel in the spectrum by specifying N.

One may also determine the wavenumber of the neutrons, for 
any particular channel, using the equation

is unalloyed aluminum made especially for insertion into reactors. 
Because of its purity, the possibility of it becoming "hot" 
due to neutron irradiation is minimized. Because of aluminum's 
low cross section for cold neutrons, it makes a useful construction 
material, being relatively transparent to neutrons. Fig,3,8a 
shows a diagram of the sample holder with the open chamber visible. 
The sample chamber is a rectangular volume which was milled 
out of the solid sample block. It contains a volume of about 60 
cubic centimeters.

\ f X r \  ECM 1 (3.60)

where h is Planck's constant, 6.6x10“^? erg-sec, and E is the 
energy in ergs (Eqt.3.59 without the conversion factor.)

5c.The Sample Holder
The sample holder is made of 1100-type pure aluminum. This
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THERMOCOUPLE
a

NICHROME
HEATER
WIRE

b )
SAMPLE

ALUMINUM
SCREWS
/

HEATER WIRES ARE 
CEMENTED INTO 
GROOVE ON BOTTOM

THIN
ALUMINUM
WINDOW

c)

SAMPLE
HOLDER POWERSTAT TEMPERATURE

CONTROLLER

THERMOCOUPLE

FIG. 3.6
The Ntutron Scattering Sample Holder* Approximately 3/4 Actual 
Six*, (a) The Sample Chamber. Cb) The Sample Holder With the 
Frame and Hindoo Attached, (c) Block Diagroi of Circuitry.
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A glass sealed feed through made by the Stupakoff Ceramics 

and Manufacturing Company provided the means of introducing 
an iron-constantan thermocouple into the sample chamber, through 
a side wall* This thermocouple was used with a V/est Instrument 
Corporation pyror.ietric proportional temperature
controller, Gardsman Model JP.

On the underside of the sample holder, beneath the sample 
chamber, a winding groove was milled to accept on asbestos 
sheathed #2U- nichrome heating wire* The heating wire was sealed 
into the groove using "Sauereisen", an insulating ceramic cement, 
manufactured by the Sauereisen Cements Company* A "Powerstat", 
type 20, manufactured by the Superior Electric Company, switched 
on and off by the temperature controller, supplied current to 
the heater wire. A block representation of the control of the 
heating system is shown in Fig.3•8c.

A thin (^0.0156 inches) 1100-type aluminum window was pasted 
over the open scnple chsrber after the s=rr2e naterial v=s 
Introduced. BTV-102 white silicone rubber adhesive
sealant, manufactured by the General Electric Company, was 
used to seal the window to the sample holder* Care was taken 
to Insure that there were no openings through which the material 
might sublime out once the temperature was Increased. To help 
Insure a vaccuum tight seal, an 1100-type aluminum frame, with 
aluminum screws was used to press the aluminum window flush 
against the sample holder.(See Fig.3.8b.)

The entire sample holder was then placed in the drum over
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the beryllium filter. To minimize air scattering of the 
•beam, the drum wo3 evacuated.

5d.The Phenonthreno Sample

The sample was purified in 
in Chapter 2, Soction 3a. Due 
toring was involved, a single 
dered sample was used.

the same manner as was described 
to the fact that Incoherent scat- 
crystal was not needed, so a pow-

5e.Techniques and Results

The cold neutron inelastic scattering spectra for 90 degree 
incoherent scattering off phenanthrene were obtoined for 
several different temperatures around the anomaly temperature 
of about 72°C. The ambient temperature run was always performod 
first. The higher temperature runs were then performed. Finally, 
the room temperature run was repeated and compared with the 
first run to check for tho possibility of the sample having 
melted. In this circumstance it is possible that all the material 
might flow into a corner, possibly out of the neutron beam. The 
results of each run were converted to punched paper tape, which 
in turn were converted to cards.

The analysis of the data was performed using the Control 
Data Corporation 6600 computer system available at Brookhaven
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Notional Laboratory-, The plotting of the data was done using 
the peripheral oquipment at the Computer Center, In this case 
the Calcomp Model 565 Electro-Mechanical Plotter.

Using Eqt»3.60t the wave number of each channel was determined. 
In order to better observe the behavior at low energies, the 
log of the wave number was also determined for each channel.
The displaced snectra are plotted os a function of the log of the 
wave number in Fig,3,9* The bars in the diagram represent the 
uncertainty in the points, and are the deviations of a Poisson 
distribution where only one total is taken. Also, since the 
width of the incidont neutron beam is not _ insignificant 
compared to the energies examined in the scattered beam, 0 
considerable loss of resolution results at the low energy end 
(k-*0) of the spectrum.

Although there is no apparent shift in the peaks of the 
spectra, there is a discernable change in the relationship 
of the peaks to each other, from one spectrum to the next.
For example, the peak at about 65 cm"1 becomes smaller in 
relation to the higher energy peaks as the temperature increases 
towards 72°C« Above the anomaly temperature,
this peak seems to be regaining some of its relative strength.

In order to check for a possible loss of density of modes 
of vibration, a difference plot between the room temperature 
and the 75° C spectrum was obtained using the computer to 
perform the calculations* The results of this difference analysis
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are indicated in Fie.3-10. Directly in the region of tho 
6 rJ cm”  ̂ peek discussed above one can see a net loss in the 
number of low lying modes of vibration in going from room 
ternerature to 75°C, in spite of the expected Boltzmann 
increase in the number of modes* In fact, when a Boltzmann 
correction is applied the loss in modes is even greater*
Since only differences are of concern in this exoeriment, 
background runs with the sample material absent were not 
necessary*

The experiment was repeated using the High Flux Beam 
Reactor at Brookhaven Rational Laboratory when the Graphite 
Reactor was retired from servico. (See Appendix C for a
description of the High Flux Beam Reactor.) The results of
this experiment are shown in Fig.3*11* On can see excellent 
agreement between the two difference spectra in Figs.3*10 and 
3*11. Because the channel separation for the High Flux Boom 
Reactor was 8 microseconds, the energy resolution was bettor 
than that for the Graphite Reactor.

One must note at this point that the spectra indicated in
are not the &(<J) that was considered in Eqt.3*28,

although they are related to the density of modes of vibration 
per frequency interval. However, since the channel counts 
in the analyzer are not arranged linearly with frequency, the 
size of the Interval continually increases os one progresses to 
higher frequencies (energies). This, however, does not affect
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tho qualitative analysis to be presented in the next section.
The resolution of the energies of the peaks is sufficient 

to allow for the establishing of their associated frequencies,
t

for comparison with already published assignments for phen- 
23anbhrenc. This comparison is made in Table 3.1, where it is 

observed that reasonable agreement is obtained.
1

6.Discussion
In order to attempt to draw conclusions from this experiment, 

it will help to summarize all relevant experimental facts so 
far available concerning phenanthrene in tho temperature range 
betv/een 25 and G50C.2li■

i. There is 0 small (about *f00 calories/mole) heat capacity 
anomaly,2** manifesting itself as a heat absorption over 
a few degrees temperature range at about 72°C, which is 
present only in the solid, not in a solution of tho 
molocules.28

li. The is anomalous behavior in tho electrical polarizability
27 0and dark conductivity of phenanthrone f around 72 C. 

iii« There is a change in the temperature dependence of the 
dielectric constant and thermal expansion coefficients 
at about 72°C.28 

iv. From the neutron data there is evidence for a loss in tho
* ftdensity of low energy modes at about 72 C.

With those results in mind, sone possible mechanisms to explain 
the anomalous behavior will be discussed.



TABLE 3.1
23

Comparison of Observed Structure with Reported 

Infrared and Raman Spectra for Phenanthrene

Observed Peak 

(cm*1)
Infrared Data 

(on*1)
Raman Data 

(OB*1)

70 f

100 123

150

232

230

246

250

398

400 427

410

620 618 614
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The anomalous absorption of heat at 72°C reported earlier^
indicates that there must be a change in the dynamics of the
system and in this thesis a dielectric anomaly at this temp-

29eroture is found. Cochran and Cowley 7 have shown that the 
LST relation may be :-eneralizcd to include the dynamics of 
molecular solids.

The difference curves shown in Figs.3.10 and 3.11 indicate 
that as predicted, the density of modes of vibration has 
decreased in the low-lying region of tho spectrum. In accordance 
with Eqt.3«2C this con be related to on increase in the slope 
of the low-lying portion of the ib vs k dispersion curve. As 
indicated in Fig.3.3, this change in the slope may be related 
to a decrease in the frequency of the low-lying optic modes of 
vibration. Again, as indicated in Section 3* the LST relation­
ship, applicable to tho k-*0 limit, predicts a relationship betv/een 
ferroelectric-like behavior of the static dioloctric constant 
and the value of the transverse optic frequencies at the k-*0 
limit. From the results prosented in this chapter concerning 
the cold neutron scattering, one sees that the lattice dynamical 
point of view is consistent with the dielectric measurements 
discussed in Chapter 2. One can therefore conclude that phenanthrene 
exhibits behavior typical of a ferroelectric material.

This does not mean to say that any other approach, such as 
a microscopic molecular theory, would not also provide con­
sistent results. Other models have not thus far been ruled out



85

by the results of this experiment. Indeed there is no question 
that it Is impossible to coraplotoly uncouple molecular effects 
from lattice effects. In future models, it may bo possible 
only to doscribe the degree of coupling.
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CHAPTER FOUR

In order to obtain a simple model for charge transport 
in organic semiconductors, consider a set of molecules 
infinitely far apart* As tho molecules are brought closer, 
tho eigenfunctions of the electrons begin to overlap, allowing 
for the transfer of charges from place to place by tunneling*
As the overlap increases, a coalescence occurs resulting in 
a solid, in which the electrons may become free to move throughout* • « V

the material. One introduces perturbations on these free 
wave functions, duo to impurities and phonon scattering. T^e 
energy levels occupied by the charge carriers (electrons or 
holes) are then broadened into bands by the overlap of the 
molecular orbitals. This model accounts for charge trans­
port by a process which can be regarded os tunneling through 
a thin barrier. The hopping model will bo considered shortly.

In agreement with experiment, it is easy to see how this 
model will give a negative temperature coefficient of 
mobility. The higher the temperature,the greater will be 
the phonon scattering, resulting in slower transport.

The band structure calculations based on this process 
may be carried out in two steps* The first step, the deter­
mination of the perfect lattice band structure,Is performed by 
considering the electrons and holes as occupying states based, 
respectively, on the highest filled and lowest unfilled 
molecular orbitals of the parent molecules. Due to molecular 
overlap these orbitals broaden into bands. Knowing the crystal 
structure (see Fig. V.1), and assuming reasonable molecular
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c* 8.66 A
b« 6.001

a*6.24 A

FIG. 4.1
(t) The Crystal Structure of naphthalene.
(b) The Lattice Constants for Naphthalene and 
the Directions of the Lattlee Vectors.
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orbitals, one can calculate the band structure*
i’ho second step, where the effects of phonon scattering 

ore introduced, is more difficult to perform. The common 
procedure has been to assume all the effects of scattering 
can be described by one adjustable parameter, such as an 
isotropic mean froe path. The drift mobility is calculated 
from the bond structure up to this one parameter, which is 
then adjusted by comparison with experiment.1 A test of this 
method is to correctly . predict the anisotropy in
the drift mobility. This should be Independent of the adjustable 
scattering parameter.

Calculations for the energy band structure for naphthalene 
have been performed by LeBlanc,^ Katz.et al,^ and Thaxton et

ifal, based more or less on the above recipe.
5Friodman has made an attempt at a first principles treatment 

of scattering with no adjustable parameters. He considered 
only the elastic, longitudinal acoustic mode phonon scattering, 
and for simplicity the phonon spectrum was approximated by the 
two dimensional Debye spectrum. Input parameters were var­
ious quantities derived from the energy band calculations

ifof Thaxton • Subsequent determination of the drift mobility 
gave the correct order of magnitude of 1 cm2A-sec and the 
correct anisotropy.

Friedman extended his treatment of transport to a consid­
eration of magnetic phenomena.^ This introduces features of # 
great interest. Since the allowed energy bands are narrow 
compared to kT, a carrier Is likely to spend some time
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near the top of the band, as well as near the bottom# However, 
a carrier noar the top of a band has a r.egotivo effective mass*
In the presonce of a magnetic field, an electron in a neg­
ative effective mass state would dofLoct in the opposite sense 
from one in a positive mass state# Thus, depending on how the 
contributions from each state are weighted statistically, it 
may be possible for electrons to exhibit a Hall effect whose 
sign would be appropriate for holes* Similarly, holes may 
exhibit an anomalous Hall effect. This feature results dir­
ectly from narrow band considerations#

One can consider the transport problem from another 
point of view# Returning to our original model of the 
coalescing molecules, if now the carriers are highly localized, 
such as generally is the case for organic semiconductors 
where the molecular overlap is quite small, the carriers 
do not move easily through the material* Thus the transport 
must be accomplished with tunneling through the potential 
barrier. This last process is referred to as the hopping 
model. Furthermore, if the interaction between the lattice 
and the electron is sufficiently strong the interaction results In a 
local deformation# The deformation must accompany the electron 
in any change in position# The electron aid deformation combin­
ation are called a polaron, and the process is referred to 
as polaron motion# This amounts to a deep potential veil 
for the electron since it is unable to move unless accom­
panied by its associated lattice deformation#

It is easy to see how the drift mobility Increases with
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increasing temperature, since it is a temperature activated 
process.

I'Vom uncertainty principle considerations, Glnrum^ concluded 
that the bond model would bo appropriate for drift mobilities

QCreator than 1 cm /V-scc, and the hopping model would bo 
appropriate for drift nobilities loss than 1 cm2/V-sec. Unfortun­
ately, naphthalene, as well as anthracene, has a drift mobility
of the order of 1 cm2/V-soc, and thus appears to be on inter- 

8 9mediate case* ’7 Therefore, the magnitude of the drift mobility 
will not provide a criterion for the applicability of one model 
over another.

However, the signs and macnitudes of the ^all mobilities 
predicted by the energy bond model and the hopping model may 
differ, depending on such things as carrier moan free path, band 
width and tonporaturo.A determination of the signs and magnitudes 
of the Hall nobilities would therefore holp determine the 
appropriatenoss of the different models.

2.Previous Hall Measurements
Most previous work.concerning Hall effect measurements suffered 

from either a lack of completeness in that all possible orienta­
tions of the electric and magnetic fields were not considered, 
or from an inability to unequivocally determine the sign of the 
charge carrier being observed. Also, the only work done in the 
orgonics concerns measurements on anthracene.

Dresner^ mode a surface photo-Hall effect measurement
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in which ho found two carrier effects to predominate. There­
fore it was impossible for him to ascribe the hall voltage 
to the Hall mobility of either carrier.

Delccotc and Schott1^ measured the IIoll mobility in 
anthracene using a pulsed light. however, they did not
specify the direction of the magnetic field.

11Pethig and Morgan J performed a Hall measurement with the 
crystal unilluminated, and thus were unable to determine 
which injected carrier, or both, was responsible for their 
observations.

Toombs measured the Hall eifect with the magnetic field 
oriented along both the a or b directions. The charge carriers 
were photo-injected holes drifting along the c/ direction.
Ho anomalous results were observed.

Smith1^ made photo-Hall measurements using weakly absorbed 
light. Ho nay have observed both types of charge carriers as 
a result.

16Korn et al measured the Iiall mobility using strongly 
absorbed light. The measurements were performed in the six 
different possible orientations of the electric and magnetic 
field for hole carriers. Since the carriers were unambiguously 
known, the observed results could bo analyzed for anomalous

10 fibehavior. As predicted by LeBlanc and Friedman0 it was found 
that if an anthracene crystal was oriented with either its £ 
or c' axis along the direction of an applied magnetic field, 
the Hall mobility had an anomalous sign. The effect for 
electrons was not investigated.
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Elementary Theory of the Hall Effect

A simplified model for the Hall effect is first considered. 
One 05sumos we are dealing with a material having no thermal 
carriers. The carriers are all injected carriers of one 
sign. Also we assume the material to he the dielectric of 
a parallel plate capacitor, where the space charge of the 
carriers is negligible compared to tho charge on the plates 
of the canacitor. This con be achieved by creating electron- 
hole pairs very near to ono electrode, by photo-injection, 
for example. Thus the creation rate of the electrodes, not the 
space charge of the carriers,limits the photo-current. We 
also assume all charge carriers have the same drift velocity.

Referring to Fig. ^.2, we have the standard conditions 
for the Hall effect. Positive charge carriers are deflected 
in the negative ^  direction, while negative charge carriers 
arc deflected in the positive ^ direction by the Lorentz 
force, ~v x B. (MKS units will bo used throughout.) In the case 
of positive charge carriers, an excess of holes builds up on 
the face V2 until an electrostatic field EH is established 
which just balances the Lorentz force giving

where vx is the average drift velocity of the charge carriers. 
The current density is given byt

where n is the number of positive charge carriers per unit 
volume, and e is the charge. Thus Eqt.*f«1 may be rewritten:

e H» v„ b . <V.1)

Jx - vx (>*.2)
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*  <^.3)
One usually defines the Hall coefficient by:

p - p \ R AA)c h " K w Ox d ? *
For the simple analysis of uniform drift velocity
vx , the hail coefficient in inversely proportional to tho 
concentration of charge carriers,

R h  = -i- . Ot.5)H n e
In order to relate conduceivity the Hall coefficient, 

wo define the Hall mobility by:
ju H =  R h <r (^.6)

where <r is the electrical conductivity of the material. This 
in turn is defined as:

cr - o A.7)
where is the drift mobility. We see from EqtsA.5 and ^*6 
that* JUtu

=  1 . M )/-o 0
Also, , so from Eqt. *fA, Ejj » Rh 0 ^ x B2 , But by Eqt.

^.6, RhCT**3̂ !,* Therefore, ssyUHEx Bz • But by definition*
E u  =  ^  (^.9)

where w is the sample width, and Vg is the measured Hall volt­
age, equal to V,, - V-j , V-| and V2 being the Hall voltages relative 
to ground. Substituting EqtA.9 into the expression
for the Hall field, we can solve for the **all mobility as

V h A. 10)
-/Wh = W £ k 8 *

This now the definition of the Hall mobility.
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h. General Transport Theory of the Hall Effect^?

In thermal equilibrium, the distribution of electrons 
in energy in a crystal is given in terms of the density 
of states function N(E) and the Fermi-Dirac function 
F]CE-Ep^lcT) * Tho probability that a state v/ith wovevector "S 
is occupied, is the same as that of a state with wavovoctor 
-k, so no transport takes place. To account for the transport 
of charges, the distribution function must be modified by 
electric and/or magnetic fields.

f(k,r,t) is the probability at time t of occupation of
—>the state corresponding to the wavovoctor k at a point in

—vthe crystal given by the position vector r. When we con­
sider the variation of f with respect to r we are concerned 
with a variation that is very small, of the order of 
a few lattice spacings, so that wave functions having a 
definite value of k may be specified locally in the crystal. 
The spatial variation is introduced to account for any 
inhomogeneity within the crystal.

If we hove a force F, acting on the electrons, the value 
of k will change at the rate given by the expression 
*fik = F. That is, at time t+dt, k will be k+tf^Fdt, while at 
time t + dt, i? will be ?  + vdt* Thus the total rate of change 
of the probability function 1st

or expressed vectorlallyt

.11)

.12)
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If tho total rato of change of f Is due to collisions 
we may write*

t>t ¥ t
c«u>

and for the steady state df/dt=0. This gives

# L u a v
It Is usual to assume the rate of relaxation of f in the 

absence of external fields is proportional to the deviation 
of f from its equilibrium value, fQ , tho constant of propor 
tionality being the reciprocal of the relaxation time, or

4f] - ( 4 - M
Therefore the Boltzmann Transport equation becomes

-  =, +  -L'V' VN
If the external force F is due to electric and magnetic

fields, we have , . ^
^  - | ( 6

where the spatial variation term is zero since we will deal
only with a homogeneous crystal*

The Boltzmann Transport equation can now be solved using
18a method developed by Jones and Zener , where ve make the 

substitution

where £ is the energy of the state* Differentiating, we get 
( = V, f. _ <f

If we remember that

and 1 ® ̂we can substitute back Into Eqt*M-*19 to get

0f.13)

<>M5)

CM-.16)

(V.17)

( M 8)

(^.19)

(h.20) 

(lf.21)



Therefore, remembering that v x v = 0, we get for Eqt.*f.17

-  ( £  * fc J  a 7 )
or

"tx 7 R ^

-  e-

If we choose the magnetic field along tho z axis, Eqt. if *22 
becomes

v/here
T L  -  x SK

(Ksk)

Now Eqts.if.18 and if.23 ore substituted into Eqt.if.17, in
order to obtain on equation for the unknown function
This gives the linear first order equation

£. » r $ * o  (>f.25)
The solution of this equation, first obtained by Jones 

18and Zener, is
4, ^  - £ . l ' c F - v » t - ( f o r B - 5 i t r ? - ' j l. a >  +

+  jjta j £  C ' v r - ^ t )]-*■•• 1

The current density is given by

j ” = - j < f-<0 r i t  * - 27)
Since fQ is the Fermi-Dirac distribution function, it follows

that ~  ( 51 ) " ^ l‘ t' V k T  (lt*27)
Furthermore, in the non-degenerate case, with a small density 

of electrons in the conduction band, f0 ^:1 • Therefore
- ( — * \ ^  -f. (L.
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This makes V,qt*b*27 bocomo

J * = “ IstT^ ^  J  *• ^  (lf'29)-*■
In order to calculate tho drift mobility, wo assume B=0, 

and MSj^ ̂  • Then Eqt.^,26 reduces to

<¥ -  -  %  t  £ *  i * .  -  -  e  ~  £ *  s/* (^ .3 0 )^  St f,
Substituting this into Eat. *f*27 for the current density

we get: o'- c ✓ , f**A = £ -  £*. ( *„*■ <**-* h-h j k.t  j
This may be rewritten as

j, - ^  e *  <  ^  V  >
where n is the charge density, given by

n  = VITA i  ̂  ^  ^*33>

( M D

(^.32)

The brackets indicate the usual statistical average 
*  ft *  =

Since the current density is given by

where /am is tho drift mobility in the %  direction, we write 
for the drift moblity

M x = -(jT) <  "C v /  >  0f.3>0
with similar equations for the other directions*

Thus we nolonger are dealing with the uniform drift mobility 
of the elementary theory, but have averaged the values over k 
space.

To calculate the Hall mobility, external fields are intro-
•> /N Aduced,where the electric field is given by E =Exx + E^y, and 

the magnetic field by Bz. Substituting into Eqt.^*26 we get

-*• ( V O  l  * .  S i *  j r [e, ( JK , ) *  *  H  m , ) ]  ]
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Substituting this equation into ^qt.^.29 for tho current, gives
■3y ' ^ 3 (kT ) j ^  ^ * v* “* ̂ h  ̂ d k -

V)]«Tk fr.36)
Since Ê , and Ej.j are constant

£ £ > Horvj,»>
- A | >2 > e , < r v /5 2 t t r w ) >  Of.37)
- ««* <r Wy vH-.Cr >^ i- feT y * r

But in tho steady state, Jy b 0 . Also, the last term in Eqt* ^37  
represents the magnetA-resistance tern, and is not significant 
for naphthalene. Finally, tTVyVx^  is small since in
the absence of a magnetic field. Therefore Eqt*h*.37 becomes

£ ti< T v p  = -fi B* Bx <  ~c VfSlzlZv* )> Ĉ .38)
Since from Eqt.lf.9 and ^.10

/<„ = p-3 (W39)
we get for the Hall mobility

M h = ^  ^  Vy ^  Of.UO)
,8i v , ^

If we expand the operator in the numerator of Eqt.^.^tO,

- < X v / yV x J 2 , T >  (lf'lf1)
where is the symmetric effective mass tensor, defined by

K/t "* — i_  /  ^  ^  A

The two situations usually considered aret
1) Constant mean free path (t  = f(j£) )
2) Constant relaxation time,^.

The second case, w h e r e i s  a constant is simpler, since the 
last torm of Eqt.-V.tf1 drops out, leaving for JJih
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\~* -v.,* ^ (4.43)/U H ~ ^ c ^  ^ S x  — VY * ^

< v V  >
Combining Eqts.4.43 and 4.34, we get for the ratio of

the Holl to the drift mobility:
AfjX - AT* ^ v,yi *VlXK — V y V ^ ^ y *  ^ (1^1^)
M ° <  Vx 1 > < Vy ̂  >

Case 1) results in tho sano expression.

5. Theoretical Band Energy Calculation of the Hall nobility

naphthalene crystallizes in a monoclinic lattice with two 
molecules per unit coll, located at (0,0,0) and (a/2,b/2,0) 
as in Fig. 4.1. The lattice constants are1^: 

a b 8.24A? 
b s 6.00Ab
c - 8.66A( coS|3a + sinjJc1 )
£  = 122° 55'

The reciprocal lattice vectors are defined by:

*^-1  _ 2rr( b x c )2fra - -u  ■r$— — —  , etc.
^  ^  a«( b x c )

The unit vectors a, b, and <S' form a right handed coordinate 
system as shown in Fig.4.1. One obtains therefore:

2tra**1s •955S^-cos/»!a + sinj&&)
2TTb-1= 1.05Ab (If. 1,6)
2tTo s ,912Ac'

In order to calculate yUH//Uo one integrates Eqt.4.45 in 1c space 
over the first Brilluoln zone. The first Brlllouln zone is 
constructed from a reciprocal lattice formed by the vectors of
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E q t A . 1̂ . Pianos aro drown which are tho perpendicular bisec­
tors of these lattice voctors. The smallest volume enclosed

20by these pianos is the first Brillouin zone , as is shown 
in F i g A . 3.

For tho theoretical calculation, using a tight binding 
approximation, the band structure used vas^

£  (B)* -  2. £* c++-( + b+c)l
+  2  £j> c#* C h - ? )  4. z  t
±  *♦£*«••• t'k***)c©a.t-fc£?) ^
±  H ilt

where £ 7, £ ̂  , E|| £,3 > a n d £ (  ̂ have boon omitted since they
ere in general smaller than the other intormoleculor resonance
integrals. The subscripts label the resonance integrals
according to the scheme of Fig A  A .  For example, £ 2, is t 1̂0
intcrj.iolecular resonance integral between the molecule at the
origin (molocule 1) end molecule 2. Both Katz et al3 and
Thaxton et al have determined values for the resonance integrals.
Both sets of values are used separately to determine the ratio
expressed in Eqt A  A ?

The procedure for calculating the ratio of the Hall mobility
to the drift mobility is to employ a computer to pick a point
in the first Brillouin zone and then to compute v (=VK£ ) and
IT1 for the point. The proper combinations of these
values, according to E q t A A 5 ,  were formed, weighted by the

*♦
Boltzmann factor, exp(-»£OOAt), and then added to the results
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8 0 -J3ire

 ►
A

FIS. 4 .3

Cross Section of tbs First Brillouin Zone of 
Naphthalene in the Finns of tbs
Reciprocal Lattice*
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------

I 5

FIG* 4.4
Naphthalene Unit Cell. Molecular Centers in the 
Unit Cell and, at Sites Adjacent to the Unit Cell, 
Showing the Numbering Schene Used by Kats et al.
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Tor tho previous points, until the whole zone has been covered. 
Tho density of points chosen for tho computation Is determined 
by trial and error until tho value for tho summation con­
verged. In this manner ^ h//^d were calculated for naphthalene 
in all si:: possible orientations of the electric and magnetic 
fields, The program used was developed by Korn2"* for calcula­
tions on anthracene. The results of the theoretical calcula­
tions are given in Table *+.1a. The minus signs indicate anomalous 
Hall mobilities.One can see that tho values obtained using

IfThauton's resonance integrals predict anomalous behavior for 
holes with the magnetic field in the a, or c* directions, and 
similarly for electrons. The values obtained using tho resonance 
integrals determined by Xatz^ also predict anomalous behavior 
for holes with tho magnetic field in the a or c 1 directions. 
Ilov/evor, for electrons tho prediction calls for anomalous 
behavior with the magnetic field in the c% direction only.
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a)

Table J;.1. (a) Theoretical Calculation of 
Usi-tv; the Hosononce Integrals Obtained by Katz 
and Thonton. (b)/Uny^o Calculated llsin^ the 
Experimental Data.

Katz Thaxton

" \ B / / b c1 a. b c 1
a + .08 -1.3 +1.0 -16
b -1-3 -1.3 -16 -16
c 1 -1.3 + *o8 -16 + 1 .0

a +1.3 -1.8 +1.5 -11
b +.7 -1.8 -10 -11
c 1 + .7 +1.3 -10 +1.5

Holes

Electrons

b)

B//
I//

a
b
c'

a
b

+.57 -3.6
-3.9 -3.7
-2,7 +.37

+2.8 —3.0 
+1.1 -2.9
+0.9 + 2.2

Holes

Electrons
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6.Computation of the Hall Mobility From the Kensurod Voltr.;Jo
The conipuiat 3 ons follow the analysis due to (Vfctt and Gurney^

16and adapted by Korn et at for his investigations on anthracene. 
V/ith the exception of using a conventional magnet in place of 
Korn's superconducting magnet.

The geometry of the crystal sample is shown in Fig.lf.2 and 
tho signs of the voltages correspond to hole conduction. For 
electron conduction, tho signs are reversed. The directions of 
tho various fields ore also indicated in the diagram. Tho photo- 
injocting clectrodo (Vĵ ) is located at x = —J-l, while tho 
dorh electrode (Vtj) is located at :: = +vl, where 1 is the 
sample length.

In tc- elemenurry theory of tne hall effect Vjj would equal 
2V£i where Vm is the measured voltage with respect to ground 
potential of one of tho Hall probes (corresponding to or 
Vs*) However, the real problem must include the effects of tho 
finite dimensions of the sample as well as the fact that the 
photo-injecting electrode forms nmiohmic contact leading to 
a space charge limited current showing quadratic dependence on 
tho voltage. Therefore, the internal field is not equal to 
Eq, where

c  =  V u  +t-o — ----X
The primary electric field will now be determined.
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6a. Dei, or mining the Primary Electric Field, 2^

For convonionco we choose a coordinate system y, and z
*

v/horo X 1 = X +* t  ^

so that tho illuminated electrode is at 0 and the dark
electrodo is at x'~ +1* Fox a homogeneous material 2 (x)=li*i (x1x A

Assuming we are dealing with steady state space charge linii 
currents v/ith no trapping, v/c have the boundary conditions 
n(0) = oo, and E ^ O ) *  0, whore n is the carrior charge 
density. From the continuity equation

jx, - e n ( x')/* EK'(x*)
and is independent of x.

The Poisson equation gives c , n ( X ‘) » a £ W i * >
JU'

Finally, if one integrates the field strength, one obtains
r-tI  ̂ 1 * WL + siq

Talcing en(x'0 from EqtA.Mii and substituting it into Eqt.V.^ 
one gets

Integrating this equation and solving for E^Cx1) givos 

Inserting this result into Eqt.lt-.̂ 9 and integrating gives

j  y ? '  f / * A  =  \/L +  \i,
Solving this equation for j and substituting into Eqt.1*-.J>1

C1VGS E xM*'j . * ) *  =  £ , ( * )
The potential distribution is obtained by integrating

).
cd

( ^ 7 )

<l+.l+9)
7,

(V .50)

(^.50

(‘►.52)

( m  53)
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E q t . 23 from zero to x*, remembering thnt V(x,=0)=V^ and 
V(:;'=+1)=-VD. This gives

M,,W) . VL- (•&£*)(£)*■
Adding Vq to both sides gives

V,.Cx-) *\>0 = C V u ♦ v„)( i
One con adjust VL ond VD to make tho Hall probe potential 

VCx^) = 0. From Eqt.h.22 one can then obtain the value of 
(x£/l) at the Hall probes. The result for V(x<J)=0 is

whoro wo also used the fact that x* = x + -Vl to return to tho 
original coordinate system.

From E q t A . 26 one can obtain the vaiue of (Xq /1) for the 
Hall probes, giving

Substituting Eqt.^.27 into ^*23 gives

-  f- V.-***)'*

which is the electric field strength at the Hall probes*

(>u^)

Ot>55>

(V.57)

(V.58)
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6b, Colculntinr tho Ilall Voltage From the Koasurod Voltnro 
In order to account for tho effect of finite sample dimen­
sions and space charge effects, we introduce the parameters 
G and S in tho following expression

V u -  (>+.59)
H Cr Swhere G is the geomotrical factor due to the finite dimensions 

and S is the space charge factor.

6c. Evaluating G
Tho case whero space charge effects are neglected can be 

defined by sotting S = 1 •
Because of tho finite dimensions E ^ Ejj where Eh  is the

v

standard homogoneous field for an Infinite parallel plate
capacitor, given by _ V rt

^  H ' Z T
Iiow it is assumed that Ey is independent of z. It is also 

assumed that the field Ey. results from a charge distribution 
located at y = -£l- x-+&1. Therefore for the inter-
ior of the sample. Similarly V7xc^*c> for the interior. Thus

£  y (*< y )  <^.6o)
and

and

V *  Vy =  O  )

V„ satisfies the following boundary conditions
Vy ( *, £ k^>) = X ( - U t   ̂ )

- °
A solution to Eqt.^f.61 obeying the above boundary conditions
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23has boon obtained by Isenberg, Russoll, and Green

v i . v « h .  nil

Since 2 v m = Vy (»,*«) —  Vy ( l i - f u l " )  *»« M * )  » - ■ Im M -.l

r.i c->r>w.Q»>«0""At J £<>•-.»»/«')i .,
wo have 2 vw = V „ l | i  2_  ---------------- I ( f *63)

But comparing this with Eqt.1*. 59 j we obtain

n'w  £ .  U . - n  )»
We will of course be concerned with the value of G for

x/1 = xQ/l , where by Eqt. ^.57

T ' -  ("*57)
This series rapidly converges.

(h.61*)

6d. Evaluating S
If wo consider the y,z plane defined by Eqt.1*,57* where 

the Hall probe potential is zero, and assume that the density 
of charge carriers in this plane is only a function of y, we 
get for the steady state continuity equation

J, + « « / * > *  =  o  (1**65)

where j a y is the drift mobility in the y direction,,^ is the 
Ilall mobility given in EqtA.IO, and D is the diffusion 
constant for the charge carrier. Solving for dn/dy, and 
letting Ey =-dVy/dy we get

(if.66)
, J

% - a - ]
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Thin i.;ay ho integrated to give
! U  (£.) - - ( 4 l ) ^  * ( ^ L ^ l l - ) y  (U.67)

whoxo nQ is the carrier concentration lor zero magnotic field.
Within the diolctric material we hove

TvY ' e h .  C " - " 0|y
where fcy is the dielectric constant in the y direction, and 
£e is the pormitivity.

From Knts.1f.67 and -̂.68 one obtains

The boundary conditions for Eqt.^.69 ore
V y l 0 ) - O  (Lr.VO)

and

^ y - ± i « ' = °  (lt-71>
Eqt.li-.70 follows from symmetry considerations, whilo Eqt.li-.71

follows from neglecting tho edge oifects of the finite sample.
ohBanbury, Henisch, and Ilany^ obtained as the solution to 

Eqt.̂ .69 yy yf r / V \ /LV iVijVv * v« L ( £ ■ > - fc) J (̂ .7 2)
But, since 2Vm = Vy(+-£-w) - Vy(-£v) ono obtains the relation

2 V W = V.S - V.t»- ( (̂ .73)
This elves for S

5 =  ' - ( £ = ) W . w t £ h
vhore L is

L =! fr.75)
Ix is the photo-current of the photo-injecting electrode, and 
using Eqt.^.58 for & c

1  "• K ^ O v v i ) ^
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6c,>Cnlculatlon of tho Kail robilit.y

M h  -

is to bo expressed in terms of cm^/V-soc, Vn in milli-
_ 1

volts, Bz in kilogouss, and ^ in V , Eqt.1*.?? must bo writ ton as

and

and lint*1}-.76, ono
(^.77)

C^.59)

(V .7 8 )

7.Description of Kxnorinontal Annaratus
The equipment involved using a conventional electromagnet and

measurements on hole conduction in anthracene. Since Korn used a 
superconducting magnet he required a heater to keep the sample at 
room temperature. Using tho conventional magnet eliminated this. Tho 
sensitivity increase over Korn's equipment was about a factor of 30.

7a.The Crystal Holder
The crystal holder is shown in r’ig.h.5* It is essentially two 

Teflon discs held together by four 0-80 brass screws. Tho illuminated 
electrode made of tin-oxido coated quarts fits into a depression 
cut into one of tho Teflon discs. Tho dork electrode consists of 
a spring-loaded copper platform* I’ive Teflon insulated copper wires 
provide the necessary electrical connections and pass through 0 
Teflon pressure seal. There is also 0 /foO coppor-constantan thermo­
couple introduced to monitor the sample temperature.

a more powerful light source than tho one used by K o r n 16 f or



HALL PROBE^ 
THERMO-COUPLE t:

DARK ELECTRODE-
ILLUMINATED ELECTRODE. 
HALL PROBE' 
GUARD RING

CRYSTAL 
SAMPLE
/

PRESSURE
SEAL

^TEFLON DISCS QUARTZ
ELECTRODE

FIG. 4.5
Crystal Holder. Approximately 3X Actual Size*
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The crystal was prepared by polishing in ethanol on a 
"Kleenex".A guard ring was painted on the crystal as near 
to the illuminated electrode as possible using "Eccobond 57c" 
silver conducting paint thinned with toluene. The dark side 
of the crystal was first coated with a thin coat of'Dunont /A^8l7" 
silver paint to insure as uniform a field os possible, and 
then pasted to the spring loaded copper electrode using the 
"Eccobond 57c" paste, to insure good elctrical contact.

After the crystal was placed in the holder, between the 
spring loaded copper electrode and the tin-oxide coated quartz 
electrode, the four brass screws of the holder were carefully 
tightened to insure that the crystal did not shift its 
position. The two Hall probes were then connected by using 
springy brass wires etched in hydrochloric acid. The brass 
wires wore solderod at one end to the #2*+ Teflon insulated 
copper wires for support and electrical contact with the 
electrometers. The free ends were bent to press against the 
surface of tho crystal, one on each side.

For the guard ring connection, a copper wire was soldered 
at one end to another supporting Teflon insulated copper 
wire, while the free end was pasted to the painted guard ring 
with the quick drying "Dupont jM 1 7 m silver conducting paint.

Electrical contact to the tin-oxide coated quartz electrode 
was accomplished by pasting a Teflon insulated copper wire 
to the edge of the coated surface using the "Dupont #*-317" 
paint which had not been thinned with the butyl acetate.
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A layer of epoxy glue was then spread over tho connection* The 
opoxy was allowed to dry over night with on infrared lamp hooting 
tho connection to aid in curing*

Amask of black "Apiezon" wax was placed on the quartz electrode 
to shield the sides of tho crystal from being illuminated* This 

insured against the generation of carriers by the guard ring.
The brass spring for the copper electrode and for tho Ilall 

probes were made from 0,020 inch diamotor brass wire that had 
been drawn down to a diameter of 0*010 inches to increase its 
stiffness* Tho copper electrode was soldered to one end of tho 
brass spring* The free end of the v/ire was soldered to another 

Teflon insulated wire* All five Teflon insulated wires 
were passed through separate holes in the Teflon pressure soal.
The sample holder is then placed in the sample chamber*

7b. The Samnle Chanbor
The sample chamber consists essentially of a square copper 

block, hollowed out to receive the sample holder* It also has 
a copper finger with cooling colls wound It. This provides 
the necessary cooling for the sample holder. See Fig.1*.6*

The quartz window, sandwiched between two o-rings, is 
connected to the illuminated side of the sample chamber by a brass 
flange. A gas inlet pipe provides the means of maintaining a 
dry, inert atmosphere over the crystal sample. Another brass 
flange at the dark side of the sample chamber is shaped to con* 
form the the Teflon pressure seal* Tightening down on this 
flange secures the sample holder within the sample chamber*
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The cold fingor consists of a solid copper cylinder, soft 
soldercf3 to the copper block, with copper tubing soft soldered 
to the finger. Cold water is pumped through the tubing to 
provide a constant heat sink. This is necessary because 
naphthalene easily sublimes at temperatures only slightly 
above room temperature. The cooling provided by the cold 
water proved to be adequate to significantly reduce this 
sublimation. Putting some flakes of naphthalene in the sample 
chamber also helped reduce the sublimation by providing a 
partial naphthalene atmosphere above the crystal.

Finally, a brass rod was screwed into the top of the copper 
cold finger in order to provide a handle to mount the sample 
chamber between tho poles of the magnet.

The Teflon insulated wires were directed out the back of the 
chamber to a copper pipe fitted with Teflon separators. These 
discs have five separate holes drilled into them to insure 
maximum separation of the wires to prevent any leakage currents.

At the top of the copper pipe was an aluminum box, fitted 
with five I’lHV, high voltage connectors. As can be seen in 
F i g A . 7» we hove thus insured that all the wires ore completely 
enclosed in metal for effective Insulation from stray fields.

It was also necessary to make everything as rigid as possible 
to prevent motion of the leads when the magnetic field is on.

There is a small aluminum mounting bracket used to attach 
the sample chamber to the shielded feed-through* and another 
mounting bracket connecting the brass rod to tho copper pipe, 
to provide additional strength.
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ALUMINUM SOX

BRASS —  MOUNTING ROD ZD,

5 MHV 
CONNECTORS

MOUNTINGBRACKET COPPER PIPE

r TEFLON 
SEPARATORS

MOUNTINGBRACKETSAMPLECHAMBER

FIG. 4.7
The Staple Chiibtf Mounted on the Shielded Con­
nector Housing.

1
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7c. Ontleal System
A 1000 watt, nercury-xenon lamp, Ilonovio 977b-1,Kodel 

C-^-O5—5S, from Oriel Optics Corporation was used
to illuminate tiio crystal. In a crystal of high purity, 
charge carriers must be injected, since the conduction is 
not intrinsic. The lamp is used to photo-inject charge carriors 
into the naphtholeno, A heat filter was placed in tho beam to 
reduce the amount of heat getting to the crystal. This was 
another precaution against the sublimation problem, Tho heat 
filter was a quartz container filled with a solution of 
copper sulphate in distilled water. It is prepared by taking 
a saturated solution of copper sulphate and diluted it one 
part to four with distilled water, A Corning Glass 7-59 class 
filter was also used to remove most light with a wavelength 
above UOOO A to insure against bulk generation of carriers.
A fan was used to cool the heat filter to prevent it from 
cracking. A block diagram of the optics is found in Fig.^.8.

7d. The Electrical System
A block diagram of the circuit used for the Hall effect 

measurement is shown in
In practice, it was not possible to align tho Hall probes 

on the crystal so that they would be on any given equipotential 
surface. Therefore, by adjusting the applied voltage 
one could not avoid a slight misalignment voltage for the two



REGULATED
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HEAT FILTER

CORNING GLASS 
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TIN-OXIDE 
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ELECTRODE

FIG. 4 .8
/

Block Diagram of the Optical System Used to Illuminate 
the Crystal Sample.
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CURRENT
LECTROMETER

VOLTAGE
SUPPLY

VOLTAGE
SUPPLY

BATTERY

RECORDER

RECORDER

STEADY
UV.
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VOLTAGE
ELECTROMETER

VOLTAGE
ELECTROMETER

BUCKING * 
POTENTIOMETER

BUCKING
POTENTIOMETER

I AND 2 ARE THE HALL PROBES

FIG. 4 .9

Block Diagram for the Measurement of the Mall 
Voltage and the Photoconductivity of Naphthalene*
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probes. This voltage had to be balanced out by using a
bucking potentiometer. See Fig,^.10.

7e. The Vibrating Reed Electrometers
Separate Cary Vibrating Hoed Electromotors were used to 

measure the potential difference of each Hall probe because 
it was necessary to ground input terminals of one electrometer 
when using it to measure voltages. The symmetry of tho 
circuit also made it easier to match the impedances for the 
two Hall probe circuits.

g
A vibrating reed electrometer, with a 10 ohm resistor 

across its input was used as an ammeter to measure the photo­
conductivity.

Because of the very high circuit resistances and the low 
currents involved, leakage currents were a major source of 
concern. Great care was token to keep all insulators as 
clean as possible to prevent currents from leaking across 
the Insulation.

7f. The Hairnet
The magnet used was a conventional electromagnet, model 

V-3^00 made by Varian Associates. The power supply was model 
V-FR2500 Fieldial Magnetic Field Regulator, also by Varian 
Associates, with a continuously variable fi*ld from 0-20 
kilogauss. The magnet had a two inch pole gap. It was found that 
the field could be changed at a rate of about 20 kilogauss/minute..
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7 V 7 V 22 1/2 V

12 x 10 OHMS
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FIG. 4 .1 0

Circuit Dingran for the Bucking 
Potentiometer.
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8. Techniques and Results
After the sample chamber was placed in tho pole gap, all tho 

cloctronics connected, and the metors turned on, tho first
thing to do is check the dark current. This was usually of

-15 -1 li­the ordor of 10 to 10 amperes, and provided a check
on tho integrity of the insulation and isolation of the
electrical contacts. Larger values for the current indicated
shorting out somewhere.

The guard ring was effective in eliminating surface currents. 
With the guard ring absent, tho photo-current was typically 
an order of magnitude greater.

The potential at the dark electrode was then adjusted 
so that one of the Hall probe potentials was zero with 
rospect to ground potential, using the bucking potentiometers 
to eliminate tho unbalance of the Hall probes. After a 
sufficiently slow rate of drift was achieved in the probes, 
by adjustment of the dark electrode potential, the recorder 
trace would indicate a zero magnetic field baseline. The 
magnetic field was thon turned on and as quickly as possible 
brought up to a full strength of either 10 kilogouss or 15 
kilogauss. The time involved to achieve full field was typically 
1? to 30 seconds. 2he recorder would monitor the build-up 
in the Hall potential until saturation occurred, usually after 
about 8 to 10 minutes, due to the time constant of the circuit. 
After saturation, the probes would resume drifting with the 
slope of the initial drift for zero magnetic field. The voltage
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difference between the two baselines was the measured Hall 
voltage and could be read dirc^ly off the recorder trace.

Usually, only ono of tho two probes could be adjusted to 
have a small enough drift to make a measurement possible. The 
probe which was not being used had its electrometer kept on a 
less sensitive scale.

The field was then turned off to allow tho Ilall voltage to 
return to zero, at which time we would again observe the 
zero magnetic field baseline. After this baseline v/as again 
established, the magnetic field v/as turned on in the opposite 
direction, and the Hall potential again would increase* However, 
tho doflection of the ^all probe potential would be in tho 
opposite direction from the first case.

A typical data set is shown in ^ig.^.H, including drift.
To perform tho experiment for tho second charge carrier, 

tho sign of the potentials for the dark and illuminated 
electrodes, and for the guard ring,were simply reversed, 
the remainder of tho procedure remaining the same.

Knowing the direction of the magnetic field, of the current, 
and of the deflection of the probe voltages, it was a simple 
matter to determine whether the observed effects were anomalous 
or not.

Ihe results in all six possible orientations for both 
holes and electrons ere given in Tables b.2 through ^.7. Ohe 
Ilall mobilities were calculated from EqtA.78, where ^ Is 
calculated from Eqt.W.76, S from Eqt.^f.?^* and G from Eqt 
For the evaluation of L in tho expression for S, the anisotropic
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TABLE 1+. 2. Experimental Data and Hall Mobility at
Hoorn Temooroturo.

B//c *

Crystal | 
Orientation

and 
Dimension 
1 x v x t
(nm3)

V l v d
(V)

Photo-
curxont
(10“1 lamp)

j

(mv/kG)

S G
1 i

(cm2/V-soc)

5x2. 5x2. 5 70 b-2 *V .2 j .8V -2.7

I//&
holes

70 h2 .2 .13 *1V .81+ -3.0

I//a
electrons 70 Mf .35 .15 .27 .85 -3.0

is the magnitude of tho voltage applied to illuminated 
electrode*

VD is the magnitude of the voltage aoplied to the collect­
ing electrode.

Vm is the voltage measured at the Hall probe*
Bz is the magnetic field intensity*
S Is the factor due to space charge effects.
G is the geometrical factor due to the finite dimensions

of the crystal sample.
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TABLE V. 3* Experimental Data and Ilall Mobility at 
. loom 'L'emnor a fcur c.

B//C*

Crystal 
Orientation 

and 
Dimension 
1 X w X t 
(mm3)

V L
(V)

Photo-
curront
(10-11amp) Bz

(mvAG)

S G
(cm^/V-soc)

5x1*5x3 1V0  290 *V2 .03V .02  . .99 - 5 .3

I//b
holes

i*+o Vi 1.9 * 18V .16 .85 ■* y -3.6

1V0 37 .12 •36 .58 .60 -1 .v
I//b 1V0  125 .12 .12 .08 .8V -1.8

electrons 1V0  125 • 16 .10 .08 .8V - 1 .5

1V0 125 .12 .13 .11 •8V — 1 .5

1V0  125 .70 .09 .08 .8V - 1 .3

Vt is tho magnitude of the voltage applied to the illu::iinatod 
electrode.

Vp is the magnitude of the voltage applied to the collecting
electrode*
is the voltage measured at the Ilall probe*

Bz is the magnetic field intensity,
S is the factor due to space charge effects.
G is the geometrical factor due to the finite dimensions

of tho sample.



TABLE Experimental Data and Hell Mobility at
Room Temperature*

B//b

Crystal 
Orientation 

and 
Dlmonsion 
1 x v  x t 
(mm3)

H  vD
(V)

Photo-
currcnt
CIO"11amp)

Vm
“S T
(ravAG)

8 G
(cm^/V-soc)

5* 5x3*3 70 137

- o • .12 •**9. *91 +.U6

I// a 
holes

70 137 b.6 • 1*f .52 .91 +.50

I//a 70 1*f9 .86 .2lf .237 .91 +1.9.
electrons

• * ■, .' - ■ r * r *• .» \ * 4 ' i .*
* /

{

* *• 1 . t s *■- f ,(,'i'lV ’■* ’ *

* ■

t-f
70 137 •86 .20

%

.233 .91 +1.5

. * . »
V. 1b the magnitude of the Voltage applied to the lliura- 
. inated electrode*

- ■ *, • ’

VD Is the nagnltude of the voltage applied to the 
collecting electrode.

Yg is the voltage measured at the Hall probe*

I
B2 ■ f» thejeaghCtic flel£ intensity.
i •*' ' fci't!*/■»’*'! ’ vt ; • v l"’:. ' • <■ . '’p • is ^he factor due to apace charge effects*
G Is the geometrical factor due to the finite dimensions'

of the crystal sample* : j.
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TABLE V# 5* Experimental Data and Hall Mobility at
Room Temperature,

B//b

Crystal 
Orientation 

and 
Dimansion 
1 x w x t 
(mm3)

v L
(V)

Photo-
current
(10"^ ftmp)

(mv/kG)

8 G
(cm2/V-sec)

5x3x1.5 1*K) 206 .19 .018 .11 . . 00 00 +.16

I//c*
holes

ll*0 206 .20 .021 .11

00 00 • 
Ii

+.18

I/7C
1U0 176 .17 .110 .09 .87 +1.3

electrons <

■
1*K) 1-76 .15 .096 .08 .87 +^.3

VL Is the magnitude of the voltage applied to the 
Illuminated electrode.

Vjj la the magnitude of the voltage applied to the collecting electrode.
Tb la the voltage measured at the Hall probe.

* * ' .Bs is the magnetic field Intensity.
8 Is the factor due to space charge effects.
G la the geometrical factor due to the finite dimensions

of the crystal sample.
r

!•* : .
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TABLE W, 6. Experimental Data and Hall Mobility at
Room Temperature*

B//a

Crystal 
Orientation 

and 
Dlmonsion 
1 X V  X t 
(mm3)

V l v d
(V)

Photo­
current
(10"^ top) T E T

(nrvAG)

8 G
(cm2A-soc)

U.5x2x2

I//b
holes

1*K) llfO 
*

COCO• .090 .03 .93 -*U7

5x3x1*5

I//b
electrons 1*K) 125 

•

•12 .031

\

•06 +•6 (
X

Tt Is the magnitude of the voltage applied to the 
Illuminated electrode*

Td  Is the magnitude of the voltage applied to the 
- collecting electrode*

VB Is the voltage measured at the Hall probe*
B% la the magnetic field intensity.
8 is the factor due to the space charge effects.^,
G is the geometrical factor due to the finite dimensions

of the crystal sample*
■ i * *

-. ' • t



TABLE 7. Experimental pat a and Hall Mobility at
Room Temperature* B//a

Crystal 
Orientation 

and 
Dlmonslon 
1 x w x t 
(mra3)

VL VD 
(V)

Photo­
current
(10-11amp)

Vm
“B T
(mvAO)

8 G
(cm A-soc>

5.5x2* 5x2.5
70 100 .10 .060 • 10- •9b -1.5

I//c* 
holes

70 105 .10 .05^ .10 .95 -1.3

I//c« 70 80 .13 .02*f .116 •9b +.55

electrons
70 80

t
.18 .028 .153 •9ib +.*f9

t

70 80 •2b
Vi

.036 .192 .9b
.

+.50

Vr is the magnitude of the voltage applied to the illuminated 
electrode* ■■ . i

VD la the magnitude of the voltage applied to the collect­
ing electrode*

T is the voltage measured at the Hall probe*■
Bg la the magnetic field strength. . _

* *

8 Is the factor due to space charge effectsv
0 is the geometrical factor due to the finite dimensions ’

of the crystal sample.
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dielectric constants of naphthalene are needed. These values
were obtained in a manner identical vrith that for obtaining
the dielectric constants for phenanthrone,(See Appendix B.)

The drift nobility values were determined using the flash
technique developed by Kepler^, as described in Appendix C,

The results of the calculation of the Hall mobility to the
drift nobility ratio from the experimental data is given in

(7
Table ^.1b. According Onsager the matrix formed by the 
values of the ratios of the mobilities should be reciprocal.
That the data in Table ^,1b agrees with this provides a good 
test for the consistency of the results of the experiment. There 
is an error of about 30* due to the deviations from the overage 
values for the experimentally determined drift and Hall mobilities.
The minus signs indicate anomalous Hall mobilities.
%

9.Discussion t
The results given in Tables *f,2 to ^.7 for naphthalene show 

that for the magnetic field aligned along the a or jj1 crystal 
directions anomalous Hall mobilities result for holes in naph­
thalene, The holes were deflected in the opposite direction from 
vhat one would expect from a Lorentz force, .This result was pre­
dicted by the bend theory when the resonance integrals obtained 
from Katz^ 'and Thaxton** were used, (See Table ^«1) However, for 
electrons, anomalous Hall mobilities were observed with the mag- 

■ netlc field aligned only In the £ 9 direction, nils agrees well 
with the results predicted using Kate's resonance Integrals, 
Although the results using Thaxton's resonance Integrals predict 
anomalous signs, they predicts, for Electrons, anomalous Hall
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nobilities with the magnetic field aligned In either the a 
or £* directions, os in the case for holes. Themagnitudes of 
the ratios ere also closer to the theoretical values predicted 
by Katz. This indicates that the amount of overlap between

t
the wavefunctions for the various resonance integrals used 
by Thaxton was not in good agreement with the actual situation.

A test for the validity of the method used was a run on
16anthracene, to compare the results with those obtained by Korn . 

These results agreed within the experimental error. The validity 
of the space charge could not be checked, unfortunately. The 
method for checking this dependence is to realize that the 
measured Hall voltage is a function of the photocurrent,as con 
be seen from Eqts.H.72 and W.7?* After explicitly determining 
this dependence, one can vary the measured Hall voltage by 
varying the photocurrent* The results should agree with the 
predicted functional dependence. It was impossible to employ 
this test for naphthalene, however, since it was impractical 
to vary the photocurrent* If the photocurrent was made any 
less than the best obtainable, the Hall probe voltages became 
marginal. Fbrtunately, this test was employed on anthracene 
measurements, and the agreement with the predicted functional 
dependence is observed*21 The agreement of the results with 
the Qnsager relation Is evidence,however, that the values for 
8 (see Tables *f«2 toV*7) are at least of the correct order 
of magnitude*

V I >

In an attempt to determine the influence of the magnetic
field strength results were spot checked at either 10 kllogauss



or 15 kilogauss. The results were found to be independent 
of the field strength under these conditions*

A value for the band width could not be determined from 
the experimental data since the details of the energy band 
structure are not yot known.
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CHAPTER FIVE

1>Introduction
Hexoraethylbenzene (HMB) consists of a benzene ring with 

a methyl group substituted for each of the six hydrogen atoms, 
as shown in Fig,5.1. In the pure state HMB is colorless and 
has a melting point of 166cC.1

HI® has been found to undergo a Tupoint transition (a higher- 
order phase transition) in the specific heat at about 110 K.
The crystal structure above and below the A-transition has 
been determined to be triclinic, with one molecule per unit 
cell.^ A second phase transition11' occurs at about 383aK involv­
ing a change in the crystal structure from triclinic to ortho- 
rhombic.

The molecular motion and vibrational spectra of HKB have 
been studied by a variety of techniques. Andrew^ investigated 
the variation of the nuclear magnetic resonance absorption line 
widths as a function of temperature. In this way ho was able to 
attribute the low temperature transition to the onset of rota­
tion of the methyl groups.

Leech et el^ presented infrared evidence for internal rota­
tion of the CH^ groups above 110°K,

Rush and Taylor? performed a neutron Inelastic scattering 
investigation of HMB above and below the 110*K transition, much 
like that performed on phenanthrene in Chapter 3 of this work. 
Changes in the density of modes of vibration were discussed in 
terms of changes in the energy of the barrier to the Internal 
rotation of the methyl groups.

One sees, therefore, th*t by a variety of methods the lev
taapevatmre transition af N  Is HMNlljr attributed to the 
onset of a new degree ef freedom, characterized by a rotation
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of the CH^ methyl groups.
In an effort to explore potentially new phonon assisted 

properties it was decided that it would be of interest to do 
a phosphorescence study of HMB through the transition tempera­
ture to see if there is a measurable effect of change in the 
phonon distribution on triplet exciton lifetime. It will be 
shown that phosphorescence (a radiative process) is in competi­
tion with vibrational (and presunably phonon assisted) pro­
cesses of energy deactivation.

The existence of phosphorescence was established by Soonerg
and K8nda \/hen they reported phosphorescence in crystalline
HMB at k6K and at 77°K.

Olness and Sponor^ reported phosphorescence half-lives in
0

HMB crystals of about 8 seconds at H-.5 K.
With the existence of phosphorescence firmly established,

It was decided to examine the decay times in the region of the 
low temperature*transition.

2.Theory of Ilononolecular Triplet Exclton Decay
An electron in an atom or molecule behaves as if it generates 

two types of angular momenta, one associated with its motion 
about the nucleus, the other pictortally visualized as originat­
ing In an Inherent "spin*1 with an angular momentum of ft.

According to molecular orbital theory, the ground state of 
a molecule may be derived by adding electrons one at a time to 
the molecular orbitals, beginning with the lowest, each orbital 
containing two electrons of opposing spin. If the total spin 8 
of the electrons canoel in pairs, then the number of ways (28+1) 
In which the total spin angular momentum can combine with the
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total orbital orbital momentum Is one. The multiplicity of the 
state is said to be one, end the state is called singlet.
An excited state is derived by removing ono of the electrons from 
the uppermost filled orbital of the ground state to a vacant 
orbital of higher energy. If the spin of the excited electron is 
conserved in the process, the total spin of the excited state is 
still zero. The multiplicity is still one and the state is still 
referred to as singlet. If, however, tho snin of the excited elec­
tron is not conserved and consequently no longer cancels the spin 
of the odd electron left in the lower orbital, then the total 
spin is unity. The multiplicity (2S+1) is three, and the state 
is referred to as triplet.

Excited molecules nay be produced in a variety of ways. For 
example, one may excite a molecule by optical absorption, by ther­
mal excitation, or by bombardment with fast particles. By choos­
ing light of knoyn frequency, one can excite molecules from a 
well-defined initial state to a well-defined final state.

Using Fig.5*2^®, one can describe the different processes for
energy transfer possible in a molecule in a condensed state.
By optical absorption, the molecule may be excited to a high
vibrational level of 5-j (denoted by S*). Through a process called
Internal conversion,states of like multiplicity may undergo
a radlatlonless vibrational deactivation to a lover energy level.
tfhan the nonradiatlve transition occurs between states of
different multiplicity but equal energy, for example
the process is called "intersystem crossing"^. As can be seen
In Fig.5.2, intersystem crossing Is responsible for both the
formation of the triplet state (Sf^T^) and its subsequent 
decay (?^-eSj) and occurs as a result of the increased inter-
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molecular coupling in tho condensed phaso.

As a general rule, radiative deactivation becomes more 
efficient as the motion of the molecules is restricted. This 
is due to the fact that radiationless energy transfer requires 
coupling between the e::cited molecule and its neighbors. This 
coupling becomes less as the amplitude of the molecular 
motions decrease. Therefore, lowering the temperature increases 
the probability of radiative deactivation.

3.Kinetics of Triolet Exciton Decay
In weakly coupled systems,such as occur in molecular crystals,

the lattice has time to distort around the excited molecules.
The excited state is thus not confined to isolated molecules,
but may affect several hundred or even thousand molecules. Such
a delocalized excited state is called an exciton^. Ihrough a
diffusion type of process excitons nay transport energy rapidly
along a chain of molecules to a site which may be far removed«
from the original absorption site.

Singlet excitons are generated by ultraviolet light, while
triplet excitons are generated by lntersystem crossing with a
rate constant Kg^.Due to the high purity of the sample, the kinetic
analysis of exciton decay will ignore trapping.On removal of the
exciting radiation, the singlet and triplet exciton densities,

t8ns and respectively, can be described by the expressions
nTv (5.1)

->*nT (5.2)
where Kg^ is the rate constant for mono mo1ecular singlet



decay,fi for monomolecular triplet decay, and If for triplet- 
triplet annihilation, line triplet-triplet annihilation is 
possible because the greater lifetime of the triplets allows 
for their interaction. This greater lifetime is due to the 
"prohibited" nature of their deactivation, <|> is an efficiency 
factor equal to the ratio of the singlet excitons producod to 
the triplet excitons destroyed, and is therefore less than or 
equal to

For the long times involved in phosphorescence measurements
(of the order of a second) one can set Kg^ng ” 0 since there
will nolonger be any intersystem crossing of the type sr Tr
This is due to the decreased population of singlets due to their 

—8rapid (^10 sec) deactivation. Eqt,5.2 therefore reduces to
(5#3)

For low intensities, where mortomolecular triplet decay predom­
inates over triplet-triplet annihilation, one has

• »  a * * /
giving for Eqt,5*3

or **
—  /fit

r\r  -  coAst, * (5.6)

The phoshorescence intensity, due to the radiative decay
of the triplet is given by

I , *  - K ,  n T  <5-7)
where Kp is the rate constant for radiative triplet decay. 
Therefore at tines long compared to singlet decay, the 
phosphorescence decay has, using Eqt,5*6, the form

X rrt = coasts \
One concludes that for the case where trapping effects can

d a  (5.5)
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be Ignored, end the timo involved is long conj.'arod to singlet 
exciton decay, that the phosphorescence decay follows an 
exponential low.

^•Description of tho Bxoer3raent
One can observe the phosphorescence intensity as a 

function of timo, after the exciting radiation has been 
removed, to determine the monomolecular triplot decay 
constant ft* This was done over the temperature range from 
about 90°K to 120*K. The a m v t l o a  w  that tha phoaphow A w i
n a  « «  only to triplet eeeay d m  not to a&n^Lot eeoay from lapnrLtlM*
Ha.Toe Apparatus

In accordance with Eqt.5*8 one should observe on expon­
ential decay of the phosphorescence intensity. Therefore, one 
may Illuminate the crystal sample with ultraviolet light, 
remove the light and monitor the decay in intensity of tho 
phosphorescence. Plotting the decay on sentilogerithraic paper 
will enable one to obtain the value of^, at tho given 
temperature, by evaluating the slope of the resulting straight 
line* Doing this at regular temperature Intervals allows one 
to determine the temperature dependence of the monomolecular 
decay constant,

The Instrument used to observe the phosphorescence was 
the Aminco-Bowman Spectrophotofluorometer made by the American 
Instrument Company* This instrument consists essentially of a 
Xonmi Jniup for tho lijjlit nuiirco, two niotiochi'ouniori;, mi" for 
the omission spectrum and one for the excitation spoetrum, and 
a photoranltl ni .tor connected to on mipl5~ier and a golvnnomotor* 
Seo Pig*5*3* The output of the galvononetcr Is fed into a
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Hewlett-Packard Model 700VA X-Y Recorder. Using the time base 
of the recorder sot at 1 inch per second, the decoy of the 
phosphorescence was recorded. A typical recording of this 
decay is shown in Kig.J.^a. Fig.J.^b shows the decay plotted 
on ser.ilogarithmic scales.

A copper cold finger,one end of which was immersed in a 
liquid nitrogen bath, was used to cool the crystal sample, 
which was placed on the other end of the cold finger. The sample 
temperature was monitored using a coppor-constantan thermo­
couple imbedded in the cold finger near the sample. The voltage 
developed by the thermocouple was measured by using a Honeywell 
Model 27^5 Potentiometer.

Ifb.The Hexamethvlbenzene Crystal
For phosphorescence delayed fluorescence measurements where 

long triplet lifetimes are involved, the purity of the sample 
is essential. This is because an exciton trapped in an impurity 
momlecule wil decay, exhibiting the phosphorescence spectrum 
of the the impurity rather than the host material.

High purity was obtained using the standard techniques 
of vacuum sublimation and zone refining. When the purified HMB 
vas examined for impurities using a Varlan "Aerograph" Analytical 
Gas Chromatograph, several impurities were detected. Additional 
sane refining failed to remove these impurities. However, the 
Tarlan "Aerograph Model 700” Preparatory Gas Chromatograph can 
be used to separate the components of the sample material, 
although this is a tedious and time-consuming technique* By 
observing the different tines at which the various components 
of the sample material exit from the chromatograph column, one
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can isolate pure HMB and collect it in a bottle os it exits from 
the ^bs column. Since samples of only gram could be processed 
in this way at each operation, the procedure was repeated about 
60 timos in order to obtain 30 grams of pure HMB. Checking 
this material for impurities using the analytical chromatograph 
resulted in no impurities being detected. Spectrophotometrie 
analysis also failed to uncover the presence of impurities. This 
would indicate an impurity concentration of less than one part 
per million, which is the sensitivity of the spectrophotometer.

When some of this ultra-pure material was melted and analysed 
for impurities an unknown thermal decomposition product appeared. 
This necessitated keeping tho temperature of the column of the 
preparatory chromatograph as low as possible (about 1V0°C) 
to prevent thermal decomposition. It also made it undesirable 
to grow the crystal from the melt. The crystal was therefore 
grown from the vapor. By reducing the pressure to about 500 
microns the temperature of the furnace can be kept at only 
90 C and'sublimation will occur quite readily under these 
conditions. The crystal grows against a flat portion 
of the glass container which is cooled below the surrounding 
temperatures using a copper cold finger. The resulting crystal 
was approximately 1 centimeter in diameter, and,although not 
single had several large clear sections.

5.Techniqw and Results
With the crystal in place, liquid nitrogen was pumped into the 

cold bath and the temperature of the sample was monitored. The 
temperature was lowered as far as possible (about 90°K) end 
maintained at that temperature for 15 minutes to allow for
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thernnl equilibrium to be established between the cold finger and 
the crystal sample. The phosphorescence decay curves were then 
taken while the system was allowed to worm up at its own rate of 
about of about 3 degrees centigrade per minute.Each measurement 
took about 15 seconds, of which only the first 10 seconds or so 
are significant for determining the exponential decoy constant. 
Therefore the temperature did not vary by more than £ of a degree 
centigrade during any particular measurement. To prevent the 
crystal frori fogging over at 1ot,/ temperatures, dry nitrogen was 
blown through the sample compartment.

A plot of the monomolecular triplet decay constant as a 
function of temperature in the region of the low temperature trans 
ition in HMB is shown in Pig.5.5* The solid line represents a 
least squares fit to the data points. The data points contain a 
vertical uncertainty of about 3# due to the uncertainty in deter­
mining the slope of the se*.ilogarithmic plot in Fig.5*^b, and a

l
horizontal uncertainty of about -J- degree centigrade. These ore
Indicated in the Figure by error bars. It is seen that there is
no evidence for any anomalous change in the decay constant at 

e110 K, the temperature of the phase transition.

6.Dlteu»»lon
It la well established that the low-temperature transition 

exhibited by hexamethylbenzene is due to the onset of a new i
degree of freedom, characterized by the hindered rotation of 
the CH-j methyl groups. It has been shown in this experiment 
that this new degree of freedom does not detectably affect 
the monomolecular triplet decay constant |0. One may compare this 
result with the results obtained by Whitten et al^ where no
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anomalous effects were observed for in phenanthrene on 
going through the temperature at which phenanthrene exhibits 
a second-order phase change.

It is of some interest that no effect was observed for the 
temperature dependence of /S , since it is generally assumed 
to be representative of a phonon assisted process* One must 
conclude as a result of this experiment that vibrational 
changes associated with second or higher order phase changes 
ere not strongly coupled to the process of radiative triplet 
decay*
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Appendix A. The Linear Coefficient of Thermal Expansion 
In Chapter 2, the capacitance of a parallel plate 

capacitor is described, which has a single crystal of 
phenanthrene as the dielectric material, neglecting edge 
effects, since they represent errors smaller than the other 
uncertainties already present in the system, the standard 
equation for.the parallel plate capacitor is:

C .  -  ^  ( 0  0 %  a.) (A#

where C is the capacitance in picofarads, A is the surface area 
of the electrodes in cra^,^is the separation of the electrodes 
in cm, and £ is the static dielectric constant.

In examining this equation, it is noted that & is not the 
only temperature dependent term. Since the electrodes are 
painted surfaces, on opposite sides of the crystal, if the 
crystal size Increases, so will the separation of the electrodes* 
Phenanthrene, as with most other materials, expands or contracts 
in accordance with changes in the environmental temperature*

It becomes necessary, if v/e wish to investigate the effects of 
temperature on the static dielectric constant, to eliminate the 
effects of temperature on the separation of the electrodes*

A*1 The Calculation ef the thermal Coefficient of Expansion 
The geometry of the sample holder used for this measurement 

is shown in Plg»A*1t there Is the distance between the Inner 
surfaces of the upper and lower glass slides, ft Is the 
height of the single crystal of phenanthrene, (9 Is the width
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of the air gap capacitor.

For different temperatures, we have:
J U C T . ) .  -t«. c m

and (A.2)
A, (t ..) »  jjCro-J.cCf*.)

where the T's represent different temperatures.
Using the first order approximation, the equations become:

*,<T.) » »»(Ti)t'«|(T, -T.)]- A  (TO £ 1 ♦ -t)]
Bnd ifiTi) u ’3)
where ^  is the linear coefficient of thermal expansion of 
the pyrex spreader, and rfVt> is the linear coefficient of thermal 
expansion of the crystal sample.

Subtracting the width of the air gap at these two temperatures, 
to obtain the change in the air gap size, we get:

Solving this equation for , we gets

**■“ "L Ov-t.) icer.) ^  £*<KiJ
In performing the experiment, the air gap is made as small 

as possible to maximize the values obtained for the capacitance 
of the air gap capacitor. It Is, after all, the capacitance of 
this air dielectric capacitor that we are measuring. This makes 
the ratio of (}(T0) toj^do) *** Eqt*A*5 approximately equal to 
unity. Furthermore, the value of the linear coefficient of thermal 
expansion of the pyres Operator is small compared to that for 
the crystal, nils makes it small compared to the first term in 
the right hand side of Bqt*A,5, So, we may simplify Eqt.A.5 to
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read i
L  ( K - T , )  X ^ C T . )  -I

The values for y?j(T) were obtained using Eqt.A.1 solved for

*  C t T )

£* „   _

£T) (a,7)
where for the air dielectric, the dielectric constant is equal
to unity, and C(T) are the values for the capacitance of the 
air dielectric capacitor resulting from the experiment.

A .2 The Sample Holder
The sample holder is shown in Fig.A.2, Flint glass slides were 

used as the basic structural body of the sample holder. Pyrex 
spreaders of various sizes were made by sawing a pyrex tube 
Into sections of assorted lengths. The spreaders were held 
between the two glass slides with a nylon bolt. The bolt had 
a soft rubber washer at either end to prevent cracking the 
slides in the event of inadvertently tightening down too bard 
on the bolt.

The crystal sample was glued to the the lower slide using 
"Duoo" cement around the sides only. Care was taken to Insure that 
no glue got under the orystal, since this would effect the ex­
pansion properties of tha sir gap.

The top electrode was uede by gludhg a piece of brass shim, 
cut in the shape of the hap surface of the crystal, to the 
tnder side of the top slide, using the "Duco" cauent. A #t0 
copper wire was glued at mm end to the brass electrode, using 
■Dupont ̂ 617” silver sendwtiug paint, the wire was thss glued
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to the glass tilde,using "Duco" cement, and run back to the 
spreader, where a hols was drilled in the upper slide* The 
wire was fed through this hols to a 0 b  Teflon insulated wire 
that was secured to the holder using epoxy cement* (See Fig.A.3)

The lower electrode was the top surface of the phenanthrene 
crystal, painted with the"Dupont #f8l7" paint.A short piece of 
#30 copper wire was glued tothis electrode using the "Dupont #*817" 
paint. The wire was then run down the crystal, glued to the lower 
slide using the "Duco"cement, and out through a hole drilled in the 
bottom slide, near the spreader. It was ben attached to another 
0 k  Teflon insulated wire, as in Fig.A.3, These two #21* wires 
were then attached to the capacitance bridge, described in 
Chapter 2. The sample holder was then placed in the temperature 
bath, also described in Chapter 2.

The capacitance of the resulting air dielectric capacitor was
then monitored as a function of temperature* The separation of the
plates of this capacitor was determined by the expansion properties
of the crystal, which « N  supporting the lower electrode, and
to a lesser extent by the scansion .properties of the pyrex
spreader. This however, had a linear coefficient of thermbl

_i,expansion of only about 0*0^10 /°C.

HA TMhnlan.. «nd RaaUpm
She experiment la la exactly the same way as the 

' 8*experiment deeerlfcei $m
■ ft*1.7 is used to ecevw t the

values for the gap width* FlgcA.tf shows the functional
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of the gap width on tempereture.
From the-slopes of the lines in Fig*A.lf, and the fact that the 

crystal length is approximtely constant, ve may use Eqt*A*6 to 
calculate the linear coefficients of thermal expansion. The 
results in the three crystallographic directions are given in 
Table A*1.

A A- Discussion
The results shown in Table A.1,for the values of the thermal 

expansion coefficients,agree with those obtained by Katsumoto^• 
Matsunoto *s work, unfortunately was done on fused samples, 
and therefore only an average value was obtained in his vx>rk.
This Investigation overcomes this difficulty by using single 
crystals oriented in the the £, and the £* directions*
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Crystal Direction «  Belov, x 1 0 " V  C X  Above, x 10“V  C

& 0.7W 0.6^

fe 0.3^ 0.3^

2.2 1.8

Table A.I. Linear Coefficients of Thermal Expansion <X 
of Phenanthrene in the Three Crystalloeraphic Direc­
tions Above and Below n c .
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Appendix B.The Anisotropic Dielectric Constant of Fhenanthrene
m? ..WeahtiaigR̂

The roon temperature capacltane of the crystals with the 
painted electrodes were determined using the capacitance bridge 
described in Chapter 2. Bie crystals wero made as thin and as 
large in surface area as possible* Typical dimensions were 
1mm x 7rxi x 7mm. Special cere was token in minimizing any 
background capcitance. Also, residual capacitance, with the 
crystal sample missing was determined and subtracted from 
the rosults of the capacitance measurements.

If Eqt.A.1 is solved for £  , one obtains
atC.

(O.OlC'tt) A  ( B . 1 )

where C is the room temperature capacitance with the residual
capacitance subtracted out*

Using different crystals cut from the some boule, several
#

measurements were made In each of the throe crystallographic 
directions. The average value in each direction for phenanthrene 
is Indicated in Table B*1&*!Hm average value in each direction 
for naphthalene is indicated In Sable B.1b.The errors represent 
the maximum deviations from tbe average value.

%■
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a)

Crystal Direction Dielectric Constant
a M  i 0.3
b 2.5 2 0.2
c' 3.1 2 0.3

PHENAN3HREHE

b)

Crystal Direction Dielectric Constant
a 3.0 2 0.2
b 1.9 2 0.2
c 1 2 0.3

NAPHTHALENE

Table B*1. Dielectric Content at 1 kHz In the Three 
Crystallogr&phlc Direction at Boon Temperature for 
(a) Phenanthrene and (b) Naphthalene •
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Appendix C- Anisotropic Drift Mobility Measurements on Naphthalene 
C.1 Calculation of the Drift Mobilities

For space-charge freo, ohmic conditions (l.e*, V*cl), the 
drift mobility is defined as:

v t
whore d is the crystal thickness, between electrodes, in cm., 
t is the transit time,in seconds, and Vis the applied voltage, 
in volts.

Space charge effects were eliminated by selecting tho proper
field strength* For high fields and low light intensity, space
charge effects are minimized* These parameters were adjusted so
that an ohmic dependence of I on Vwas obtained.

The effects of trapping are not significant to tho analysis,
since the transient currents used represent the nearly trap free
case. This is because it takes a finite time for the traps to

2fill after a step current pulse is applied*

C.2 The Bcnerlfflflntai Procedure
The drift mobility of single crystal naphthalene was measured 

using a pulsed photo-injection technique described by Kepler^* A 
block diagram of the equipment is shown in Fig.C.1•
A light pulse of about seo duration was obtained from s 

xenon flash tube, powered by a 1/ farad capacitor, oharged to 
about 10 kilovolts.

A Corning Gloss 7-59 filter was used to allow only highly 
absorbed light to fall on the crystal. This is to prevent bulk 
injection of carriers.
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By adjusting the polarity of the injecting electrode,

(the illuminated electrode), either holes or electrons may 
be made to sweep through the crystal.

A current amplifier, of about 1 pi sec rise time, amplifies 
the resulting current pulse. An oscilloscope is then used to 
traco the voltage drop across c resistor in the amplifier, as 
a function of time. This allows forthe determination of the 
transit time. See Fig.C.2*

Fig.C.2a shows an example of such a trace. Fig.C.2b Indicates 
the significant intervols of the trace of tho photo-current 
distribution as a function of time. The density ofcarriers is 
plotted vertically. At T=0 the charge carriers are created near tho 
Injecting electrode surface. After entering the cryst-l, the 
carriers move towards the dark electrode due to the applied 
field. Diffusive spreading of the current pulse is evident by 
T=T-j • The current having reached a maximum here, this corresponds 
to the beginning of the flat portion. Some time later, at T=T2 , 
the carriers are further along, and more diffusion results.
Finally, at T=T^ , some of the carriers of the now rather diffuse 
pulse are reaching the dark electrode. This corresponds to the 
tall in Fig.p.2a. The time up to is then the transit time.
So from the trace,Fig.C.2&, the transit time is the time from 
the start of the pulse , to the beginning of the decaying tail.

The thickness of the crystal was determined using a micrometer.
Measurements were made in the £, £, and the c* d±actions. The 

results for both holes and electrons are shown In Table C.1.
The numbers are the result of several trials in each direction,
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I
Direction Drift Mobility (cn2/V-soc) *

a

i

0 .8 0  t o.o? ;I
b Hoios 1 .2 0  ± 0 .1 0  |

c* o.?o i  o.o?

a
I

0 .6 0  1 0.0?

b Electrons 0.?0 ;  0.0? [

c* 0.60 i 0.0? ]

Table C.1. Tho Drift Nobilities for Naphthalene at 
Boon Tonporature, for Holes and Electrons Drifting 
in Each of tho Throe Crystallographic Diroctions*
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ond represent the overage of the trials. 'ihe errors are tho maximum 
deviations from the averages.

1*.Theso results compare favorably with those of Silver, ct al.

Annendix D. Tho Brookhavon High Flux Boom Reactor
The Brookhavon High Flux Boon Reactor obtains a high flux 

by virtue of a small core and reflector. This limits tho 
number of ports to nino compared to the fifty or so avail­
able at the Brookhavon Graph!to Research Reactor. The full 
power rating is L:-0 megawatts, but has not yet boon opcr-

i lj. pated at this high level. Tho thermal flux is 7^10 ncutrons/soc-cm * 
Fig.D.1 shows the cold neutron boon port, which is 12 inches 

wide compared to Inches for tho othor ports. As with tho 
Graphite Reactor, tho beam is filtered using polycryswallino 
beryllium cooled to liquid nitrogen tcmneraturc. Tho standard 
time-of-flight analysis techniques are employed at the 
Slow Chopper Facility with the addition of a Scientific 
Data System SDS-910 computer tie-in for data accumulation.
The detectors were the standard BF^ typo described in 
Chapter 3*



12-5

10-9-

•tur lb.

S h u tte r
C ytincncol 

Lthers
S h u tte r C o s e

ComotofTtentC O vit y L m e r

F tg nge

S h ie ld  Foce

Reoclor Vessel

0̂u>

Thermo! Shield

~r̂ z:i— r.n— rrr̂ rn r t a' «'

F1G.D.1. The Cold Neutron Bean Port at the High 
Flux Bean Reactor*



17lH

Reforoncoc - Appendix
1* S.Matsumoto, Bull. Chem. Soc. Japan 32j 1811 (1966)#
2# P.Mark, Techniques and Interpretation of Transient 

Measurements. Abet# Org. Cryst. Syrnp,,NRC, Ottawa, 
Canada, Oct.,1962, p.7?.

3# R.G.Kepler, Phys# Rev. 119. 1226 (1960).
M.Silver, J.Rho. D.Olness, and R.C.Jarnagin, J# Chem. 
Phys, 38, 3030 (1963)*.



u i
1 1 1 1 1 1 1 1  j  ?

h i!;; i 
» « 1 1

i !i
} *

n

n ; i
i"||
I  I I I

M 3
3 *

H I
8

H i

i l l !

I * - i 1  i  |  § |  * . U  ^

H i l l  >  i H l iI I I I 3 i l l s  I  5 3

8

1 1
1 * 3 ,

!  ,« f  !  S. *



AUTOBIOGRAPHY
of

DAVID H. SPIELBERG

I was born In Brooklyn In 19^3» where I lived until my 
family moved to Queens In 1951* In public school, I was 
interested in art and attended a special creative projects 
class In the sixth grade. However, by the time I entered 
high school I had become interested In science. In my senior 
year in high school I attended a special experimental lab­
oratory course. As an extra curricular activity, I became 
co-captain of the Hartln Van Bur on High School Gymnastics 
team.

When I entered Queens College as an engineering major I 
found my gymnastics practice too demanding of my time. As 
a substitute I joined the Queens College sailing team. Sailing 
has remained a great source of enjoyment to me.

After my first year in college I changed to a physics major. 
In 196*t I recieved my B.A. degree. I was acc^>ted to Queens

i i

College to do my graduate work. In addition, during the summer 
I was married. I recieved my M.A. in 1967*

While in graduate school I supplemented my wife's income 
by teaching general physics at Queens College • After enter­
ing the Ph.D. program of the City university of Hew York In 
1965* I recieved a three year HASA trainee ship.

While under the direction of Professor A.C.Damask, I per­
formed the research requirements for the Ph.D. degree at Brook- 
haven National Laboratory.


