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CEAPTER ONE

Interest in the study of organic compounds has been
stimulated during the past ten years by several factors.
The first 1s the advance in the techniques for obtaining
single crystals of reproducible purity and perfection.
The fact that organic materials are 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 beceause
of industrial infterest in finding new materisls for uso es
scintillators, semiconductors, thermoelectrics, and niezo-
electrics.

Of major concern to us was the problem of purity. In
the literature, there was ample evidence of the ambigulty
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 (010H22)
is an example of this problem, In 1950, Ueberreiter and
Orthmann reported an sanomalous heat absorption of about
600 calories/mole with phensnthrene of unspecified pur:lty.1
In 1966, specifying the method of purification, Arndt and
Damask reported the value at about 380 nslories/hxole.2
Agein in 1967, Ringel, 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,



as compared with their purified materiel which gave a value
of 310 calories /mole. .

Thus the question of reproduceability demands the routine
indication of at least the purification procedure, if not
the actual purity 1itself,

Concerning the use of single crystals rather than powdered
or pollycrystalline samples, when dealing with anisotropie
materials, there is no question but that studies on single
crystals, nede in the various ecrystallographic 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 single crystals meaningful. Among these
techniques are liquid chromatography, vacuum sublimation,
and zone refining, and are amply described in the 11terature.h

Previously, growing 1large single crystals from solution
ran the risk of inoeporating the solvent molecules within
the crystal lattice as an impurity. Growth from the'melt
does not present this problem. However, one must he very
careful to check that the material has not been changed
upon melting, due to the high thermal instability of many
organic materials. This may be monitored usig a gas choma-

tograph,
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2. _1he Renorted leat Canacity Anomaly in Phenanthrene

As can be seen in Fig.1.1, the phenanthrene nolecule 1s
made up of three benzens rings fused together. The nane
derives from the fact that i1t contains a diphenyl group
(Fig.1.1b) and 1s isomeric with anthracene (¥ig.1.1c). The
molecule is siightly non planar in the crystal, the 2,3 and
6,7 carbvons being displaced inopposite directions fror the
plane of the center ring by about 0.04 K. It is believed that
intramolecular overcrowdiing of the hydrozen atons in the
4,5 positions is the result of this distortion.’ The hydrogen
atoms are noi shown in the Figure.

The position of the phenanthrene molecule in the unit
cell 1s shown in Fig.1.2, The crystal is monoclinic,
face-centered—cubic with tiwo molecules per unit cell,

The melting temperature of phenanthrene is about 98°¢.

It 1s colorless and has a room temperature dark resistivity
of about 1017 thSfchG The melting point of phenanthrene
and 1ts high resistivity are typical of the aronatic hyro-
carbons,

A large percentage of organic materiasls exhibit a thermsl
anomaly of some kind or another.7 The heat capaéity anomaly
reported by Arndt and Damask, referred to above, was detected
using a differential, isochronal, microcalorimeter developed
by Arndt and Fujitaa

be an isothermal process. No latent heet was observed to

. The phenomenon did not appear to
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be associated with the process, nor was a satisfactory model

presented to explsln the anomaly.

Theoretical models correlating the thermodynamic prov-
erties of 1deccl guses with real gases have been relatively
successful. llowever, vhen dealing with the highly inter-
dependent comnonents of orgoniec solids, few useful correla-
tions with the i1deal gas model emerge. Changes in the crystal
structurc and the phase changes of organic solids, vhich
are often coused by relatively ninor diiferences in nolecular
structure, have a profeund effect on the heat canacity of an
orgenic s01ia?. Furthernore, deviations of experimental
results fiom icealibehavior can be sttributed to inpurity
effects, internal strains, and failure to obtaln thermo-
dynanic equilibrium during the taking of a neasurenent,

Cherecterizing a transition as first-order or of soxe
higher order 1s mage difficult due to the slow rate of
equilibration of the system under investigation. Although
usually not so long, it may take as long 8s a day or more
for the system to equilibrate thermally in the vicinity of
a transition. Thus, for exomple, accurate measurenents of
the heat capacity in the transitionlregibn are prejudiced,
since 1t may:;mpossible to unanbiguously determine Hhefher
or not & process is 1sothermﬁl.

The shape of the curve presented by Arndt and Darme sk2
does, however, suggest a higher order transition is being

observed because of the tenperature interval of several degrees

over which the transition takes plsce.



A good test for a polymorphic, solid-solid
transforration is to observe the heating of the crystallinesolid
on the hot stage of a polerizing microscope. Evidence for a transi-
tion is observed by a darkening of the crysial or a change
in the color, This is due to to brealiing up of the erystal and
light scattering oif the consequent new gir-crystal interfaces.1o
Second order {ransitions, nowever, will frejuently be missed
on healing due to their subtlety, since they mey involve only
a very snall distortion or the stomic network. This test was
performed by Arndt and Darask® snd resulted in no evidence for

a polymorphie first-prder transformation.

3+The Reported Electrical Conductivity Anomely in Phenanthrene

Phenanthrene has been cbserved to exhlbit comnlex and
.anomalous electrical conductivity properties.6 It was
found that phenantirene has properties denendent on its
electrical history. Itlwas observed that phenanthrene can
be characterized by three conditions, identified as followss
the virgin state, the reversibly polarized state, and the
irreversibly polarized stats. | | |

The virgin state is described as belng associated ui;h
cleaved crystals which have not been raised above rooﬁ ienp-
erature after being'cooied from the melt; In this condition, |
an order of magnitude increase in the derk conductivity is noted




at about 70°C. Similarly, an anomalous conductivity lncrease
Qf about two orders of magnltude occurs in the photoconductive
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 erystal,
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 releose.

With no field present, no charge release was observed.

The irreversibly polarized state 1s 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 snomaly temp-
erature many times with the bias field opposite in -sense to
the initial cooling bias after illumination, and even with
gero field.For this case the charge rr ease (even with zero
'biasl) was always polarized in the initial polarization
direction. Also, irreversibly polsrized crystels will cling
to a dielectric, indicating that the internal polarization is
largely in one direction,

S8ome speculation concerning charge trapping was advanced,
but the interpretation of the irreversidly polarized state
wvas deferred in the hope that future experimentation would
provide additional information.



LeThesis Objectives

It was shown thaet phenanthrene 1s a molecular
seniconductor, exhibiting the gross characteristies of
the organic solid state. At the sare time it possesses
certain anomalous propertics, which, owing to the complex-
ities of organic compounds, are not eas!ly related to any
model.

In order to fornulate a mechanism for these irregular
properties additional experinental data is reguired, In
this respect the static dieclectric eonstant of phenanthrene
wes deternined as a function of temperature. These messurements
were performed on high purity single crystals, in the three
crystallographic directions, the 8, the b, and the ¢'(normal to
the a,b plane).

The linear cogfficients of thermal expansion in these
three directions were glso determined.

The results of the above work suggested that an inelastic
neutron scattering snalysis 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-
itles, This work was performed on polycrystalline materisl.,

The ancmalous behavior of the conductivity in phenanthrene
suggested that an exanination of charge transport properties
should be investigated. The photo-Hall effect being a valuable
method for choosing between band theory analysis and
hopping theory analysis for charge transport, it was chosen as

an area for investigation. Unfortunately, the photo-current in
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in pneranthrene was just outside the rsnge of sensitivity
of our instruments. For this reason it was decided to
investigate the photo~Hall effect in naphthalene, another
typical aromatic hydrocarbon (C10H8), and similar to phenan-
threne in syrmetry.

A final effort Lo characterize the phese transition
observed in phcianthrene involved s phosphorescence study
of hexamethylbenzene. The motivation for this rests in the
fact that hexaretnylbenzene undergoes & lov telperature
phase transition at about 111°K which is ascribed to the
orset of a new degree of rotational freedom.11 Describing
WOork performed on phenanthrene, VYhitten, Arndt, and Damask12
deterrnined the rate of monomolecular triplet exciton decay
over a linited range of temperatures, including the anomaly
temperature. iio irregular behavior was observed at tne
transition teuperature. This did not ellow for the crestion
of a mechanism for transition involving new degrees of
freedon.

Performing the experiment on hexaméthylbenzene with its
recognized new degree of freedom allows for a comparison
with the phananthrene results. Anomaloﬁs,beba?ior in the triplet
decay Tate for hexamathylbenzene can be attributed to the
enset of the mew degres of freedom. The fact that no irregular
behavior occured in phensnthrene would then indicate that thre
phenanthrene anomaly does not inveolve a new degree of freedom.
If negative results are observed in hexamethylbenzene,

one can drav no firm conclusions one way or the other.
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CHAPTER TWO

1. Introduction

Ordingry 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 have been observed in
which the changes in volume and entiropy have not been discon-
tinuous, butl were merely rapid. This continuous chaenge in
volume and entropy, within an interval of only a few degrees,
results in an unusual increaese in the specific heat, but no
latent heat. .

Frequently, the specific heat distinguishes ltself by
rising to a pesk, and then rapldly falling to a lower value.
This 1s 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 entrony changed dis-
continuously, resulting in a latent heat. The shape of the specifiec
heat curve near the anomaly temperature was often used to
characterize & transtion as either first order or second
order,

The advent of detailed thermodynamic analysis of organic
materials brought chaos to the problem of classifying phase
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transitions. By 1942, Deffet1 listed alnost 1200 organie
compounds in waich polymorphism had been dotected. Crystals
underwent tronsformations exhibiting o variety of peaks and
shapes in the specific heat curve.

In 1933, Ehrenfest2 proposed a classification of phase
transitions according to the mathematical nature of F, the
free-cnorgy curve of a substance.He defined a transition of
the n®™® order as one for which (igfvf‘% is discontinuous,

F and all lower derivatives being continuous. Using this
criterion, a first=order transition is characterized bty a con~
tinuous free energy curve and a discontinuous entropy, enthalpy,
and speciflic 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 trsnsition temperature. With a
great number of transitions occuring continuously, this method
ol classif;cation is severely limlited,

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.3'k

Finally, a phenomenological classification, indicating the
model used for explaining the transition, is commonly used,
These include the order=disorder trensitions, including orienta-
tional, conformational, and positional disorders, electronic and
magnetic transitions, and finally dipole transitions as in

ferroelectrics.
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At first glance, these various models for second-order phase
transitions seem rather different [rom each other. The anomalous
behavior of their thermodynamie quantities such as specific heat,
expansion coefficlents, and diclectric 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 genersl theoretical description
of the process.

From a phenomenological approach, the order-disorder effect
vas invoked by Bragg and w1111ams5 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 woere
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.
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Another theory, by Betheé, based on short-range order effectsyds
used to explain in more detall the second-order transitions in
alloys. Cowley’ related the order parameter to coefficients of the
Fourier series determining the intensity of scattered x-rays.

This made direct comparisons between the theory and experiment
possible,

Other materiols oxhiﬁit the phenomena of a criticol temperature
ond anomalous specific heat behavior. The general interpretotion
of this phenomonon in terms of the sudden onset of free lons
or molecules forming the lattice was given by Pauling8 in 1930.

According to Peuling's theory, the anomalms specific hoats
are assoclated with a transition from libration to free rotation
for the lons or molecules in question. This phenomenon has been
referred to by Frenkel? as "rotational melting."

Fowler1° developed a classical theory for this so-called
hindered molecular rotation, which gave good qualitative
agreement with experiment.

Kirkwood11 developed an improved theory of hindered molecular
rotation, based on developing a sot of functions specifying the
distribution in orientation of the molecules. Further improvements

were suggested by Nhkamura12.

Models based on what Fowler!© referredto as
"cooperative phenomena" kept appearing in the literature, with
various refinements snd improvements, and a variety of potentials
hindering the molecular motion, producing a variety of partition
functions, |

The phenomenmof rerroe;octricity is of interest to the phase
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transition problem because of the interesting anomalous
behavior of the thermodynamic properties of ferroelectrics,
Mony of the properties, such as polarization and dielectric
constont, are interpreted by a purely thermodynamic model,

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

It turns out that an investigation of the propertics of
phenanthrene indicates some ferroelectric=liltebehavior for
this material. In this chapter, ferroelectric~like anomalies
in thc static dielectric constant are reported. Appendix A
also indicates the existence of anomalous behavior in the
oexpansion coefficlents, which will be discussed in terms of
lattice dynamics. The next chapter will describe an investipgation
of the cold neutron inelastic scattering properties of
phenanthrene and relate this to the lattice dynamical theory
of phase transitions.

But first, a thermodynamical theory of ferroelectric-like
behavior i1s presented to indicate the connection between the

properties of phenanthrene and those of typical ferrpelectriecs.

'etzaiilﬂiélﬂﬂnjlﬂﬂﬂiila -
The thermodynamical aﬁproadh given here 1s basically that of
Devonshire's13.
The differential dU of the internal energy of a body subject
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to internal stress and an electric fileld is
du=Tds =3 Xidx; « & 4F (2.1)
where S is the entropy, T is the absolute temperature, x; and
X4 arc the strain and stress components, respactively,lﬁ is
tho electric field, and'; is the polarization.
One now defines a potential function in terms of the

entropy, internal energy, etc., called the elasilic Gibbs

function, as

G=WU+ZKn ~TS (2.2)
Upon differcntiating Eqt.2.2 and substituting from Eqt.2.1
we obtain -» -
dG =-SdT~ i X.dXi+ € -dP (2.3)

Y
If we assune the stress to be zero, then G con be expanded in

powers of the polarlzation, with the coeflicicnts supplying the
tempoerature dependency. If the crystol has a center of symmetry
above the transition temperature only even terms are significant,
Therefore G can be expanded in terms of P2 as
=G, +r¢ 9, (A*+ P"’-tP:)-b*,'_(n"'-r P"t P.') +
* 1R (R R R g, (RE et +Rl) s
r 21U (RSB Y+ - (2.4)
vhere Go is the mean free energy for zero polarization and the
g's are the temperature dependent coefflcients.,
One may apply Eqt.2.4+ to the whole tempersture range since
the polarized phase below the transition terperature 1s considered
as only a slight distortion from the unpolarized state above
the transition temperature.
If one assumes that in the ferroeleciric phase the spontaneous

polarization lies along the z~direction and the electric fields
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arc only applied along thls direction then Px=Py=O and
Ey=Ey=0. Therefore, Lqt.2.!t becomes
G=Go+r kP + L¥PY+ LEPC (2.5)
wicre « 4 ¥, and § are the new temperature dependent coefficients
cormonly used instead of the g's.
Diffeientiating Eqt.2.5 with respect to the polarization,

and using Eat.2.3, one obtains
gg- 2 &P+ PP+ §PT (2.6)
Neglecting saturation effects, the electric susceptibility
above the transition temperature is defined by %% = %[ for 2zero
polarization. Therefore by differentiating Eqt.2.6 with respect

to P, and setting P=0 one gets
e =L =K 4+37 » +59P
%Tl."%i-x *® d

X= ')'[,' (2.7)

In order for the dlelectric constant to obey a Curie-=Weiss

or

denendence (i.e., a 1/(T-To) dependence), the Devonshire theory

requires that (< be approximated by the linear temperature

function
A=8(T-T,) (2.8)
while ¥ and 9 are considered constant in the first approximation.

The free energy then becomes
G=G +3BT-T)P v iy P + LEPC (2.9)
In all known ferroelectrics,® ond $ are positive. lowever,
{ can be either positive or negative. Therefore the dependence
of the freeo energy on temperasture and polarization is strongly
dependent on the sign of ¥. 1r { 1s negative, the free energy
describes a ferrocelectric 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 ¥ is positive, Eqt.2.9 describes a ferroelectric

with no discontinuity in the polar:ization 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 Dlelectric Constant

| According to the above, for the second-order case 3, Ef, and

® 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 Eqte2.7 that if & is positive there will
be a minimum at P=0, 1f 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> T,.
(Seo Fige.2+1¢) The spontaneous ' polarization may have either
of two values, +Pg or =P, corresponding to the situation for T<T,.

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

E=(3 (T-T.) P+fP‘ +SP% (2.10)

The dilelectric stiffness 1s defined as the reciprocal of
the electric susceptibility and is obtasined by differentiating
EqQte2410 with respect to P, and using Eqt.2.7 to obtain
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q
(

T>T,

FIG. 2.1

The Free Energy as a Punction of the Internal
Polarisation for a Second=Order Phase Transition
(a) Below the Transition Temperature and

(b) Above the Transition Temperature,
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Since the elcetric susceptihility is directly proportional
to the dielectric constant, the stiffness constant ?;13 cone
sequently inversely proportional to the dielectric constant.
The spontaneous polarization is cbtained by setting E=0
in Eqt.2.10, solving for P, and accepting only the real
solutions.,h Examining the results for the different temperature
intervals, we see that for T<Tp, where it was shown that two
solutions forxf exist, oi? obtains y Vh
DA R Y e
If T>To there is one real solution, which is equal to zero.
It is to be noted that if all three coefficients O, Y, and S
are positive the ter@s in Ps in Eqt.2.,10 and the terms in Pl+
in Eqt.2.,11 can be neglected near the transition point, since
here P~ 0. Therefore Eqt.2.10 becomes
E=g(T-T,)P+ ¥ P (2.13)
and Eqt.2.11 becomes
A=4(T-T)+3¥P* (2.14)

From Eqt.2.13 the spontaneous polarization may be approx~

ated : .
imated by P;"-" [ %(T-—To)jya (2.1%)

Eqt.2.,15 that as the temperature approaches Ty, P, gradually
goes to zero. Since there is no discontinuous change in Ps’ there
can be ro latent heat associated with the ferroelectric-paraeleetric
transition. This describes what is called a second-order transition.

For the case where T)T,

K, =p(T-Te) (2.16)

since P=0,
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For the case where T<Tg, substituting Eqt.2.15 into 2.1%

/k< =2p(T-T.) (2.17)

Thus, no matter which way the transition point is approached,

gives

from below the tronsition temperature or above it, at T=Tj

the dielectric stiffness vanishes, resulting in on infinite
dielectric constant. Although the experimental dielectric con-
stant of most ferroclectrics measured haos been shown to increase,

it oslways remains finite. The infinity results from a lack of

a completely correct model.
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2b, The Specific Heat
From Eqt.2.3 we can obtain an expression for the entropy

of the ferroelectric material

P X
s=-(3% )x,P (2.18)

Using Eqt.2.9 we can determine the change in entropy between
states with polarization and states with no polarization

_ . Lp?d ]
AS = S,-s = ¥PTELACT To)]+£PV(g_l;. +6l_p‘-[g.f.l.__) (2.19)

where 8§, = -(?i%-’_")x,? is the entropy for zero polarization.
In most ferroelectrics § and § do not vary much with temperature, '
giving for the entropy change
~ T
As= £ P (2,20)
Below the transition temperature, P is the spontaneous

polarization, Ps given by Eqt.2,12. Therefore

= - R 44§ T Jyz. ’
S =S, %:I‘U_n LA (T-7)) " ;} (2,21)
Below the transition temperature, but near it, Pg is given by
Eqt.2.15. Therefore the entropy near the transition point becomes

5=5, - i" ,r&‘ (T-T,) (neax T,) (2.22)
Now the specific heat is given by
D - 4S (2.23)
C = T(a"T'
Using Eqt.2.21%
= - = L ‘elr -} (202"F)
Ac = C¢—¢cp= 3 7 [l-‘ 4_;_@{(1;_1-)] A

where e = T(35/%T) is the specific heat at constant polarization,
and Ac 1s the excess specific heat due to the temperature
variation of the polarization. From Eqt.2.24 we see that Ac
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increases as the temperature approaches T,, at which point,

using Eqt.2.22, it has the value:

AC =% ,Q;Tc—? (at T=T,)

Above the transition temperature,dc is zero, from Eqt.2.20,

(2.25)

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

It is noted that the thermodynamic theory of ferrcelectricity
does not attempt to relate any of the macroscopic properties of
‘ferroelectrics, such as specific heat, and dielcctric constant
to a microscopic model. It merely relates macroscopic properties
to each other, describing them in terms of pasrometers, such
as o, d‘, and$ which must be determined experimentally. To
attempt a microscopié description at this point would be futile
since none exlst 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
temperatures of Rochelle sa1t1u. Other models have corresﬁﬁndingly
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 material, It possesses a second-order
or lambda transition in itsspecific heat.'”? It will be seen
in the remainder of this chapter, that in seeking addi~
tional [ferroelectric-like behavior, an anomslous pesak in the
static dlelectric constant wes observed. Phenanthrene thus

exhibits another ferroelectric-like property.
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3. Experimental Tochniques
The dieloctric constant of a material may be determined by

using the substance as the dielectric materlal for a parallel
plate capacitor. The standard equation for such a capacitor,
neglecting edge effects (which sre smaller than the other

sources of error present in the experiment ) is

Cs At (2.26)
Using electrédes made by painting opposite sides of an oriented
crystal sample we can measure A, the grea 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
tor €, the dielectric constant.

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

E-1 _ 4N u?
eve = T (= v 5w)

where N,is the number of molecliles per unit volume, L, is the

(2.27)

polarizability, /A. 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 4 is the denaity. This gives the molar polarisation

P 8
P= 44T (g,+ ) (2.28)
vhere N i1s Avogadro's number.

The gsecond term in the parentheses represents the average
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electric dipole moment per molecule in the direction of the
field produced by the orienting influence of the appllied field.
For this term to contribute to Eqt.2.28, the molecule must
possess soma rotational freedom.

Since K, and/u are usually temperature independent, P is
the sum of a temperature independent induced polarization Py
and a temperature dependent orientation polarization Py .
Also, P; 1s made up of the sﬁm of the electronic polarization,
. Pg y and the atomic polarization P, . Therefore, '

P= P 4Py + Pm (229)
where only Py 1is temperature dependent. If the molecular dipole

moment 1s zero, or 1f the molecule 1s so hindered in the crystal
that it is not free- to orient itself with the field, then
PM=O.

The polarization _ of a material by electronic dis-

placement occurs in about 10'16 seconds. Atomic displacements

require from 10"1¥'to 10"'16 seconds., However, molecular orienta-
- 6
tion may take from 10~12-¢5 10~%0 seconds or longer. Therefore,

012

if a field is used wich has a frequency greater than 1 cycles

per second, the molecule can not move rapidly enough to follow
the changing field. This results in the so-called optical dielectric

10 cycles

constant. For fields having a frequency less than 10
per second, the molecules will see an essentially static field,

resulting in what nay:Eall the stati¢ dielectric constant,
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3a, The Crystal Sampla

The sample material was research grade phenanthrene, further
purified using now standard techniques of liquld chromatography,

17,18

vacuunm sublimation, and zone refining. The phenanthrene

was also treated with maleic anhydride and KOH to removo any

19 The resulting impurity

anthracene and fluorine impurities.
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 1l Recording Spectrophotometer.

Single crystals were grown from the melt using the standard

Bridgeman~type furnace.zo

The growing time for a five inch boule
was about five days. The termperature of the furnace was then
dropped to room temperature over a 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 tk blade parallel to
'one of these planes, This exposes the a,b plane. The g and }
directions may be determined by observing the double refraction,
according to the method proposed by Nakada21.

Samples were prepered which were about five to ten millimeters
on a side and about one millimeter thick. The sample preparstion

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

wes 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 elther side of the crystal using thin cover slides,
until the height of the walls was just below that 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 lnsured
parallelism for the two sides.,

Using “Dupont #+817" silver conducting paint, thinned with
butyl acetate, two opposite sides of the orlented 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 et one end
for connection to the crystal. At the other end, the spring-loaded
wires were connected to low capacitsnce coaxlial cable, leading
to the capacitance bridge. The shielding around the cables was
joined and connected to the grounded shield around the sample
container in the water bath.(See next section.)

The spring-loaded leads were cemented to the painted electrodes
using unthinned "Dupont #+817" paint.

A chromel-alumel thsrmocouple was introduced through the
nylon block as close as possible to the crystal, to monitor
the local crystal temperature.
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FIG. 2.2

The Sample Holder for the Dielectric Constant
Bxperiment., Approximately 2X Actual Size.
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3c.The Tomperature Bath

Thétéaﬁpie‘ﬁoldér was placed in o shielded sarnple contalner,
wnich was in turn immersed in the temperature bath, see Fig.2.3.
It 1s to this shielded container that the coaxlal cable shleld-
ing 1s connectod.

The open top of the shielded contalner was closed with
aluninum foll after the sample was ploced inside. This helped
to maintain stabie 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 malntain a uniform temperature throughout
the bath. A glass thermometer provided crude determinations
of the bath temperature. A more accurate value for the bath
tonperature was obtalned using the chromel-alumel thermocouple
assoclated with the bath temperature controller.

The bath container was a 1500 milliliter Dewar. A styrofoanm
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 the Dewar,
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The Hot Nater Temperature Bath,
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d, The BElectr

‘The measurement was made using a General Radio, three wire
capacitance bridge,Type 1616-A, along with the Goneral Radio
Adto Oscillator, Type 1311=A, and the General Radio Tuned
Amplifier and Mull Detector, Type 1232-A,

A wide range of capacitances can be measured with this
apparatus. The lower limit on the capacitance bridge is
10 upicofarads (10'5 plcofarads). The null detector also
.provided an extra preamplifier when dealing with a very high
impedance sample. This was especlally useful for the high
inpedances exhibited by phenanthrena,

The temperature controller used was the Precision Temperature
Controller, Model 104, Bayley Instrument Company.

A Honeywell-Brown Electronik Potentiometer Recorder with
a range of O = 10,1 millivolts, was used to monitor the

local crystal temperature.

3e, Technigues and Results
- The'teﬁperdiﬁre 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 walting ten to fifteen minutes after each new
temperature was reached, before & reading of the sample capacitance
was nade. |

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 chromel-
alumel thermocouples |

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 reglon, In the three crystalle-
ographic directions, a, }, end g¢', are shown in Fig.2.%. The
data points represent the measured capacitances. It is noted that
there is anomalous behavior around 70 degrees centigrade.

The solid curve represents the capaclitances 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
8 direction,

3f, Correcting For Thermsl Expension

As the crystsal dielectric eipands with incressing 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

squation for a parallel plate capacitor, where we consider the
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parameters that are temperature dependent, Thls equation 1s:

C(T) = 0.08¢842- A-£(T) (2.30)
(L ive(T-Te)7)
vhere A 1ls the area of the painted electrodes, in centimeters,

€ is the static dielectric constant, d is the separation of the
painted electrodes, in centimeters, &k 1is the linear coefficient
of thermal expansion, the T's are the various temperatures,'and
C is the measured capacitance, in picofarads,

Therefore, the capacitence we measure 1s too small, due to
the expansion of the crystal, by a factor of 4% r&(T-To)) .
To correct for this, we must multiply C(T) by the reciprocal of
the above factor, giving:

c (1) = c(T) L1+x(T-TY] (2.31)

The results of these corrections are the solid curves in Fig.2.4.
The method for obtaining the anisotropic linear coefficlents
of thermal expansion of phenanthrene is explained in Appendix A,

4, Digcusgion
As would be expected from the thermodynemic theory of ferro-

electrics, 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.k, agree with this prediction,

fhis occurred in the temperature region already singled out

for inspection because of the anomalous specific heat peak in

thlis tempersture region.
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The fact that an anomalous increase in the static dielectric
constant was observed adds new incentive for investipating
othoer properties that a ferroelectric-like material might be
predicted Lo have. This leads to a study of phenanthrene from
the lattice dynamlecal point of view, which will be reviewed
in the next chapter.,

However, some attompt at a microscoplc model to explain the
ferroelectric-like Dbehavior exhiblited by phenanthrene will be
made here.

It has been indicated earlier that cooling a phenanthrene
crystal from above 72 degrees centgrade in a d.c. fiold induces
a bulk polarization which cannot be reversed,22 a behavior
similar to that of electrets. This polarization has been found
in three crystallographlic directions, with an effective dipole
moment of 107D per molecule in the ¢' direction, Structure
work by both x-ray23 and nem:ronsz)+ at room temperature have
shown the crystal class of phenanthrene to be P2, , indicating
o two-fold screw axis. With such & space group, if any permanent
dipole moment were present in the molecule, it would have to be
in the ) direction, since any permenent dipoles associated with
the molecules would cancel out in the other directions, as can
be seen from Fig.1.2. The phenanthrene molecule 1is 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.23 It may be conjectured that the overcrowded -
hydrogen atoms in the 4,9 positions of the molecule can undergo
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a ninderecd libration sbove the anomaly temperature., In I'ig.2.5a,
the side view of the phenanthrene .oleculeis scen in the
normal configuration in the crystal at room tempercture, as

2l

suzpested by Trotter23, and confirmed by Kay“" using neutron
diffraction techniques. Kay has, in fact, sbhwn the 4,5 hydro=-
gen atows to be on opposite sides of the central ring. The
angles in 1"ig.2.95 are prossly exaggeratoed, and are actually
of the order of one degrea. 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 throuph the anomaly
region, thermal expansion could lower the barrier which hine
ders the motion of the 4,5 hydrogen atoms and permit the
new configuration shown in Fig.2.5b. This configuration can
give rise to a permanent dipole moment in the g direetion,

in agreement with tho observed peak in the diclectric constant.
This confipuration could be stabilized in cooling through

the aromaly temperature by applying an 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 1s also npted that an increase in the confipgurational

entropy 1s suggested here, indicating an anomalous increase

in the specific heat, as was reported.
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CHAPTER THREE

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

More recently, due to some theoretical work by Cochran1’2,
the suggestion was advanced that some second order phase tran=
sitions resulting in a structursal modification may be consldered
from the point of view of lattice dynamics.

The essence of Cochran's theory was that the structure
shiould be unstable against a particular mode of vibration. By
the usual criterla for stability, this meant that the frequency
of this mode should wvanish at the trensition point. Furthcrmore,
Cochran showed that the static dielectric constant should be rolated
to an anomaly in the transverse optic mode, in the case of a
ferroelectric transition, in accordance wih the Lyddane-Sachs=
Teller relationship3 , E/E= S Sors , where €; 1s the static or
low frequency dielectric constant,e-° is the optical dielectric
constant, Wio 1s the frequency of a longitudinal optic mode and
Wro 1is thé frequency of a transverse optic mode of vibration.

In Cochran's theory, the coefficients of the dynamical metrix
are allowed to vary with the temperature in such a way that the
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transverse optical frequency vanishes at the transition temp-
erature directly as (T-T,). Using the Lyddane-Sachs-Teller

(LST) relationship one can see that if
Wy ¢ T =T
this impllies tnat

£ « ToF

in agreenent with exnerimental results for ferroelectric
transitions.

Cowloy# atteripted to derive the temnerature variation
of the phonon frequencies using a microscopic theory. In
his thecory, Cowley attributed the temperature variation of
the frequencles of the modes of vibration to the anharmonic
terns of the interaction potential. Using the expansion of
the potential in terms of atomic displacements, ineluding
the third and fourth order terms, he calculated the shift
and damping of the vibrational fregquencies using perturbation
tochniques. He used the frequéncies that he calculated (at a
given temperature) from this perturbation technique in a
thernodynamic theory of the actual transition. He did this by
expanding the free onergy of the lattice in powers of distortion
paranaeters. The coefficients of this new exvnansion depended on
the frequencicos of vibration calculated earlier. .

The theory is compromised by using a perturbation method if
the shift in frequencies is not sma11.5 In the case of certain
phase transitions, it is observed that the phonon dispersion curves

undergo drastic variations at the critical temperature.6
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The actual tnree-dimensional probdblem must be considered as
a difficult many-body problem, strongly dependent on the

actual form of the interaction potential,

2.lattice Dyngmics
It is the purpose of this chepter, after first estoblishing the

vocabulary of lottice 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 Bravals lattice will be assumed, with
the lattice points given by

>

—

where &i,pi, and #; are integers and the , ore thc unit lattice

vectors. All combinations of £, s,¥ correspond to lattice points.

28.The Three Dimensional Digpersion Relationship 7

The assumed three dinensional crystal lottice has N atons,
whose equllibrium positions are given by Hn‘io’ The interaction
potentiel is given by V(ﬁi-ﬁd), where ﬁ;:ﬂ_°+ ?Rl « The Hamiltonian
for the system i1s given by
He 3 Mam + B §VR-§) (3.2)
vhere the factor ¥ enters since ;):;rs of interactions are counted

twice.

We may expand the potential in a series about the equilibrium



positlons of the atoms:8

> -» ~p

ZV(&‘-_-R)') = ? [V(Rio"" .io) ¥

L od

cpj Al

* i(n V..)(‘-i 'ql.) +
HiRe DR WPVERY]) 6
The linear term in the expansion does not contribute since

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

If the potential energy 1s well behaved, 1t may be expanded

as a Fourler series. Thus,

*-(R-Ay)

VIR:-Ry) = % vie (3.4)

wvhere we sum over all values of the wavevector k. Using Eqt.3.Ut
one may evaluate the second term on the right hand side of Eqt.3e3s

We get
(s‘i Q) (SR WLV = (R - v ofe - -[gi The

(sg‘.qi)(t_{shuhebt ;- R:IJ S&.)
= Sl\ . G-hhv‘d:‘“‘-m)]; Fﬂ;

(R~ )J )

(3.9)
The expression in brackets 1is a dy'adic8 and 1s defined as
Q.= _5_,“ v e T (Rirky) L . (3.6)

Similarly, the last term on the right hand side of Eqt.3.3 may

be evaluated as follows:

(Fh 9wy = (kv SF fgii e M ED]
= (m-v.,)([{ Y e’ -4, )] L 5Ry)

= sw-[}:uv il - '5’] iR, (3.7)
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The expression in parentheses is again a dyadic, defined as

Cae (R -Kye)
a’&.\)‘zzk: kh Vge, (c.’f5) (308)

We may now rewrite Eqt.3.3 as

~ - "’ (3.9)
ESV(R;"R.') s Cons¥ant » 2; Sl\ Q’\;] j
Y '
One can now also rewrite the expresslion for the system
Hemiltonian. Eqt.3.2 becomes
H= ZP/am*'_-;z.V(ﬁu Rl v 5 & SR Qo SR (3.10)
9
i th
The equation o.u motion for the 1 atom 1ls then
F M'fﬂ = —J H (3.11)
or —y
i _ —
MR, —-%Q;J"SRS (3.12)
Considering the solution to be oscillatory, let
SR = SRy @ ‘Wt (3.13)

where SRW i1s the time independent displacement of the :Lth

atom and vw 1s the circular frequency.
Substituting this into Eqt.3.12 gives
M ot S*P\;o = ':Z Q;‘) . ﬁ&a (3e1%)
Because of the periodic nature of the crystal array, there is
nothing to distinguish the motion of the 1th atom from that
of its neighbor. Consequently,

= -
S‘{ - e'th-r- anu (3.15)

(nei)o

where the atoms are separated by integral multiples of the elementary
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lattice vector ?. (See Eqte3els) Eqte3.15 15 essentially the
form of Floquet's theorem9 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:
e

=

‘o (3416)

Fatl

-, A
S R{'g = £h Qk c
)
where &x is the unit polarization vector for the plane wave,
and Q is the magnitude of the displacement and has the periodicity

of the lattice.
Substituting Eqt.3.16 into Eqt.3.14 gives us finally

, —*3 3
[ S k' (le-eg'o)

MWQ: é\u',\,: Z— a,_j ¢ gu_ne' (3.17)
)

which is the dispersion relationship, expressing W in terms of
vavevector, Ko The subscript A 1s introduced to indicate that
corresponding to a given direction of propogation and wavelength
there are three polarizations and frequencies, The three polar=-
ization elgenvectors are orthonormal.

The actual solution of the dispersion relationship between w
and : 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 scaftering experiment, described
later in this chapter,

It is further noted that the cubic and quartic terms were
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omittod in the oxpansion of interaction potcntial. These
anharmonic terms give rise to macroscopic phenomena such as
thermal expansion and a linear term in the specific heat at
higher temperatures.1° From a microscopic point of view, these
higher-order terms give rise to the possibility of interaction
between phonons. It becomes possible to have phonon=phonon
scattering take placeywhich 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—l;:' vectors are independent.
This can be seen by considering the Laue conditions for wave
difi‘raction”, which state that wavevectors must obey the relation=-
ships

ral < 1]
> A
X%

- -
= or r . kR = (integer) x 21v
KRNV o g X (3.18)

=

cAR = afs

n) 6) )

where q,r,and s are integers, and

~p -~ N - 1
r=no-+nb +nzc (3.19)

is the lattice displacement vector in configuration space, with
nqynp, and n3 being integers also.
To relate this to the space dependence of the k vectors,

one must introduce the concept of reciprocal vectors. These
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reciprocal lattice vectors are deiined ast1

A A
an ..

A = - —
o <

= <

B = 3-“5\_..:_..__-. = (3.20)

w T
P X |p

?

T ¢

e

- A %

O 2 S —e—
&+ h XL

and have the wunits of (length)™'.
Any arbltrary vector in the reciproccl lottice may be formed

»

as
l—%

g —y —~
G=hA~ubB +aC (3.21)
where h, k, andl are integers.
Forming the scalar product between C and T will demonstrate

-'
the significance of G. Porforming this product, we have:
e ~ - -, A Py = g
Ce G" (r\.a »n. b H\,c)'(hﬂ t kB +2C )

= an (wackn, » fny)

(3.22)
- an (u‘n*eqer )

.....’
Comparing Eqt8.3.18 and 3.22, we see that if AR ig equal
by
to any reciprocal lattice vector G, then the Laue conditions are

satisfied. Therefore,
—n ~

— v, =
Ak = G o R= kG (3.23)

This states that the wavevector -1': is unchenged if it is replaced

by E.-r -G.. The restriction 1s therefore made that all the indepenw

dent ‘i’:’ vectors lie within the volume contained within the parallel-

Y
piped defined by the reciprocal vectors of smallest moduli, A, 3,

iy
and C, This is defined as the first three=dimensional Brillouin
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zone, and is equal in volume to:
A B XC = w7== -

» ‘
Q- bk Vv,

(3.2k)

where V, is the volume per atom in configuratlon space. This
volume calculated in Eqt.3.2W represents the range of the
vector'§1§ 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
1s one allowed k for each volume (2f¥L) in k-space, we get for
the dengity of points in';Lspace:

We = | f‘;} )3 (3.25)
where L is the length of the side of the cublc sample, with
perlodic boundary conditions.

The number of points in'i-space (i.e., the number of independent
modes of vibration) is then obtained from Eqts.3.2l and 3.25,

and 1s

(::__r_r)s @aw? =N (3.26)
Ve

since L3= o+ The number of independent modes is thus equal to

the number of atoms in the sample. 8ince 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.



The density of states for a particular frquency W 1s obtalned

as follows: '
. gﬁ =B (w) = Wﬂfu - ?,T”' (3427)

oS(w)- %ol - (3.28)

We can obtain.|v1gq from the dispersion relationsnip, Egqt.3.17,

once the interactlon potential 1s known. It is also to be noted

that
vy 2| Yyl (3.29)

where Vg is the magnitude of the group velocity.

Eqt.3.28 is important because it 1s essentially O(w ) which
will be observed by the neuiron scattering exneriment to bo
described later in this chanter.

2c.,The Lattice With = Basis13

* Consider a oneédiﬁensional solid composed of two atoms per
unit cell. Instead of obtaining one equation of motion a&s in
- Eqt.3.12, one obtains two equations, one for each atom in the
unit cell.These are, |

Ih'u,, , =R (Wa,a+Uqua "'Z“q,l)

Mt -ﬂ(unt*unﬂl-z“"-‘)
where u is the displacemant, and n labels the unit céll. The
two equations cannot be satisfied by a single plane wave, so

two waves are assumed, one passing through atom n,1, and the

ta

other through atom n,2, o

i(wkann,;) )
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vhere the r's are ihe acltual positions of the atons, and the
q's are amplici.des. Substituting these solutions into the
equations of motion results in two sinmultenecous equations for

the displacements of the two atons,
—-wWtm, t-r;ag.(o.““'-re".'“) ~aAe3,
—wrmag,ser, (€40 €M) ~ant.
where Tn,i = ha. By the standard analysis,these two equations
can give nontrivial values for the displacenents only if
the dete'ninant of the coefficlents of the displacenents is
set equal to zero,
QA8 - MW -8 cosho
Bvaluating the seculer determinant results in a second

order equation for W* in terns of k. The equation has two

sets of solutions, : '
Yamtia]l /2
we = AR5l (hrk) - itk

Thus for esch value of k there are two distinct nodes of

vibration. The modes in which the two atoms in @ given cell
are in phase with each other are called the acoustic modes.
The modes in vhich the two atoms are out of phese with each
other are cslled the optic modes. (See Fig.3.1 for the case
éf ionic basis elements under trasverse polarization.)
Intuitively, one cen see that for a given k, the opntic modes
wvill have a considerably higher freguency than the.acoustic
modes, since the out-of-phase motion of the two neighboring
atoms can give rise to a higher frequency of vibra%ion than

L
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TRANSVERSE OPTIC MOOE

TRANSVERSE ACOUSTIC MODE

FiG. 3.1

One Dimensional lonic Basis Kleamts Undercgoing
Transverse Polarisaticn. (a) The Optic Mode.
(d) The Acoustic Mode.

¢

ol
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the in=phase notion.

Fig.3.2 shows the result for the one~dimensional dlspersion
relation of the lattice with a basis.'S Waves within the forbid-
den region, indicated in Fig.3.2, are damped and will not
provogate. Both the acoustic and optic branches are showm
for the first Brillouin zone. It is to be noted that the two
brairiches intersect the zone boundarlcs perpendicularly. This
is eguivalent to sgying that the group velocity, vg=dw/dk,
is zero, The lattice will therefore sunpori only standing

waves at k=W2a. (The basis dinension in this case is 2a,)
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24,The Lyddane-Sachs=Teller Relationship' '

" In derivihg the LST reiationship, it is helpful first to con-
sider the differences between longitudinal end transverse pole
arizetions. We will also be concerned with the long wavelength
(k —* 0) or continucus limit. We may therefore use Maxwell's
equations for continuous media. |

Let the polarizatlon per unit volume be given by
B. T o ilkrowt) (3.30)
Q

-
This polarization is pssocilated with a time varying i?and D
fields,

E<g,etlhrme] (3.31)
and .6_ -D- _;(h.:—wt)
= € ' : (3032')
using the standard expression,
’ ~ —» =
D= E a4t P (3.33)
Maxwell's first equation may be evaluated using Eqt.3.33 by
taking the divergence of -5,15
v.B:v-Ew«-{nqo? =411 = O (3.3%)

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

¢ Q-E = -‘-NTV'? : (3,35')
Yor the case of _t_rmjpomiution, R ond B are perpendicular,
80 Bqt.3.35 becomes, using Eqt.3.30,
v.E-_-—q-rr(iz-l-:’.): o (3.36)

g -y
To sovle this equation for E, one sees that E is either a
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-~ -
constant, which mcy be set equal to zero, or E=(constant)P,

- = -
If there are no sources for trensverse E, E and P cannot be
parallel and the latter possibllity is not correct. Therefore

one finds that

R .
E=0 (Transverse) (3.37)
In the case of 2 time varying longlitudinal polarizetion,

- -~
P and k are parzllel so Eqt.3.35 must be evaluated. To a con-

stant tern, we roy express the field then, using Eqt.3.35 as,

-~ -5
E=kmP  (Longitudinal) (3.38)
where a longitudinal polarization is then assoclated with a

longitudinal electric field,

Consider now the case for positive and negstive ions, dise
pleced in oppositc directions by x, end x_y,respectively.

The ionic polarization per unit volume becomes

:QX . e x ..
P' e T R (3.39)

- where a 1is the lattice spacing and T = 2a3, the volume per ion pair,

The equation of motlion for the displacement is given by

x = £ (3.40)
A
vhere F ia the restoring force lndJ/L is the reduced mass of
the ion pair.
In the transverse case, ignoring the damping terms, the
rosporins force nay be rewritten ast _ -
a

E_.-;-/Sx.-.-—/uw,. X | (30'“)

corresponding to free harmonic oscillations, where B is the

force constant, and ), 1s the transverse vibrational frequency.
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Bqt.3.150 becores
X + sz X = O (Transverse) (3.12)

In the longitudinal case, the restoring force 1s given by

The first term on the right hand side of the equation is

identical with that in Fqt.3.41 and arises from the overlap
of the displaced ions. The second term 1s due to the longitudinal

electric field assoclated with the longitudinal vibration.

Thus the equetion of notlon becores:

X + szx - f',__&é_____ G (Longitudinal) (3o1#4)
As ve saw in Chapter 2, the polarizetion P must include
both ionic and electronic contributions,
P=Pi+Pg | _ (3.45)
At optical frequencies, the ionic contribution vanishes
since the ions cannot follow the changes in the field. P,
may then be written in terms of the high frequency dielectrie

constant,l. , by rearranging Eqt.3.33 and reme::ibering that g:ti?
we get P = (€w-1)E (3.46)
4T

Therefore, using eq.3.39
ex (Eos —! ) E _

' ex (Ca-t)E
£ =-4m L& Y (3.48)

Solving Eqt.3.48 for E, one gets'

E:—‘f'ﬂex .
R 0w
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so that Eqt.3.4% takes the form |

X * (wi= ;:7;23" Yx=0 (3.50)
€

This has the sarne form as Eqt.3.42 if the longitudinal frequency
Wy 1s defined as

2. N L =
W= Wit 40 (3.51)
AU 5L €
In evaluating this,one must consider the two solutions to

Eqt.3.M+, one for each ion. They are

x-= - g AgED (3.52)
Xy = %a.( w-:f—w‘)

vhere plane wave solutions were substituted into Eqt.3.l+.
At very low frequencies, where the ions are able to follow

the field, the maximum displacemeni is:

oy -y = -&E€ | (3.53)
X= X, =X_ yrpret

Therefore the ignic contribution to the polarizetion becomes,

using Eqt.3.39,
e*E

P = . |
a —n-/'A W (30 9"‘)

Also, since (€E—1) = LWp/E, we get:

A&*“_;l"a.P = Eg—Eo (3.5%)
vhere £5 13 the low frequency of static dielectric constant. |
Substituting Bqt.3.5% into 3.55 gives

W' (8g-Eu) = _;;_r;:t | (3.56)

Substituting this into Eqt.3.51 gives

W= Wit s Wt (Es-Eu)/e o (3.57)
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which may be further simplified to read:

&
R, £
ﬂ:*

W Ee (R>e)
This is the Lyddane-Sachs-Teller relstionship!®. Since this

(3.58)

relation was derived using the continuous limit, it applies

for wavevectors near zero &nd for optic frequenciles.

Motivation For & Cold Heutron Inelastic Scattering Investigation
of Phenanthrene T . ,

' Eqt.3.58, the Lyddane-Sachs-Teller relationship, represents the
primary reason for performing the cold neutron lnelastic scattering
study of phenonthrene. In view of the results of Chapter 2, in
vhich an anomalous increase in the static dielectric constant
was observed, Eqt.3.58 predicts that a diminishing of & transverse
mode of vibration should occur at the sone anomaly temperature.Such
a 'sot'tening" of low lying (k+0) modes has been observed in some
ferroclectric materials et their transition tenperatures.17

If one were to perform a coherent scattering experiment
on an oriented single crystal, one might hope to obtain expéri-
mentally the dispersion relstionship between uJ‘and‘i. This would
provide us with & picture similar to that in Fig.3.2, but for
three dimensions, where the behavior of lof lying modes of vibration
could be observed.

Unfortunstely, for most hydrogenous msterial, the scattering
is essentially entirely incoherent, This makes it impossible to
determine the particular values for k. One cannot then obtain
date directly on the shape of the dispersion curve.
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It will be shown later in this chapter that in the exper-
iment that wes performed one observes essentially the density
of modes per frequency,o@(w). However, we may relate this to
the low-lying modes by using Eqt.3.28. A decrease in the
nunber of low-lylng modes of vibration, determined by com—
paring density of state spectra at different temperatures,
is associasted with an increase in the slope of the small ‘l-c' end of
the disperslon curve through this equation. Furtherrore, Fig.3.3
indicates how this increasc in the slope of the dispersion
curve is related to a decreose in the value of lov lying modes, ivs.
This_in turn is ol significence when viewed in light of the LST relatic
Since the range in energy of the scattered neutron spéctra
in this experiment is about from 5%x10"3 eloctron volts to
about 5x10~! electron volts, the frequencies corresnonding
to these limlts go from about 1012
which is within thé optical region.

to 101h cycles per second,

,Cold Neutron Scattering in Solids: Essential Properties!S
 With the‘deiélojmaht of hiéﬁ flux foéctofs; the use of cold
neutrons as a probe of lattice and molecular vibrations has be-
come increasingly cormon. 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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FIG. 3.3
The Behavior of the Low-Lying (X —+0) And of

s Bypothetical Dispersion Qurve as the Temp- .

exature Appreaches the Transition Region,
' 1
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cold neutrons is roughly comparable to the interatomic spacing,
allowing for easy detoction of large momentum transfers.
Finally, the energy of the neutrons is sufficiently low that one
can easily measure the energles transferred betveen the neutrons
and the plhonons.

Neutrons probe a vibrational system on an energy scale of
between 10~3 to 10™1 electron volts, on & wavelength scale of
the order of 10'8centimeters, and on a tirme scale of between
10"1h to 10~11 seconds. Conparing with different tyves of
probes, x-rays for cxample have much higher energies and would
be relatively unaffected by the hydrogens in phenanthrene.
Optical scettering covers essentlially the same frequency range,
but the wavelength is roughly three or more orders of nagritude
greater. In general the frequency range covered by ccld neutron
scattering (30-1000 em™~') conteins some intremolecular and all
intermolecular vibéations19. ' '

The two types of interactions that are possible between the
neutrdns and the phonons are elastic and inelastic.scattering.
If there is no change in energy between the incident and scattered
neutron, the process is called elastic scattering. If the neutiron
and the lattice do exchange energy, the process is called
inelastic scattering. _ .

‘Becmuse of the periodic structure of the lattice, coherent
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interference among the scattered neutrons is possible. This
coherent scattering can occur either elastically or inelastically.
On the other hand, randomly distributed different isotopic
states or spiln states of nuclei o&act to destroy the coherent
nature of scattering. This tyve of scattering is baslcally
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 arong tne scattered waves 1s entirely probable., For a8
syster: of identical nuclel with nonzero spin, the interaction
betwveen the nuclel and the neutrons would be denendent 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 &nd no interference
is observed. For nuclel with zero spin, incoherence can still
result if the scattering length can vary from nucleus to nucleus
as would happen in an isotopic cixture. .

8ince the material being studied in this experiment contains
an appreciable smount of amount of hydrogen, (the chemical
formuls for phenanthrene is C1hﬂjo) the scattering will be
mostly incoherent, since the‘hydrogen micleashas a nonzero
spin.

The information that one can obtain from ansutron scattering
experiment can be grouped into several categories. Firstly,
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a measurenent 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 nnwmbar dispersion relation for the phonons. Unfortunately,
this ethod for observing the low lying modes of vibration can-
not be used due to the essential incoherent nature of the
scattering spectrum of hydrogen.

Secondly, one-phonon coherent inelastic scattering provides a
way for problng the phonon-phonon anharmonic interactions
within a crystal. The neutron peaks corresponding to such
scattering are bvroadened as & consequence of that Interactlon.
Their widths nay be measured as a function of te-perature and of
the wove nrher of the phonon undecr consideration. Again the
incoherent nature of the scattering off phenanthrene militates
against this method. _

Elastic scattering provides inforuzation about diffusive
- motions in the scattering system. These diffusive processes
manifest themselves as a broadening of the elasticlpeak in
the scattered neutron spectrum.

Finally, incoherent, inelastic scattering can be used to
obtain information about vHw), the spectral density of the
lattice vibrations. Peaks in this spectrum indicate maxima
in the density of vibrational states,O(w). These states sre

ordinarily populated, at high temperatures, according to a
Boltzmann 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 «Xw) ig very useful,as was
explained in Section 3.

A final consideration must be given to the prodblem of
selection rules. The frequencies that anpear in the infrared
and Raman fundarental snectra are those which correspond to motion
involving the fluctuations of the dipole moment or the
polarizability. ¥or crystols, this means the radiation
couples only with the transverse optical modes. To obtain
information about the entlre spectrum, one must consider
the overtones and combinetion bands vhere rmltiphonon end
anharzonic effects cause a relexation of the selection rules.2®
Inelastic neutron scattering has no analogous selection rules.
However, since all frequencies are active, the spectrum tokes
the appearance of a continuous band, The conventional method

of performing an analysis based on assigning energy levels

is thus made considerably more difficult.

iggggcriptign of the Exneriment

insure that the following three functions are perforncd821
€1) neutrons in as saall a velocity interval as possible, conw

' sistent with reasonsble flux densities, smst de obtained for

the incident beam, (2) the energy of the scattered neutrons
must be detected and snalyszed to determine the energy change,
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end (3) the sngle of scattering with respcct to the incident
bean and with resmnect to the surule orientation must bo reasured
to determine the moaentw: change.

Only the third of these will not be perforued, since for
incoherent scottering we assume tho spectrum slso to be
isotropic,

The first fuiction will be performed by using a berylliium
filter. The second funclion will be perlormed using a

4
stendard time-of=-flight analysis.

ha, The lNeutron Bean

The oxperiment was perforned at the Brookhaven Graphite
Research Reactor. Fig.3.l¢ shows a diagrsn of the Slow Chopper
Facility locabed on the top of the reactor. The neutron radisting
surface 1s about thres meters from the sa:ple. Since the
spectrum of neutrons from such a source pussesses a broad
range of energies, some method of "monochromating" the
incident bean is required.

The technigue employed to define the energy of the incident
bean consists of the use of a beryllium filter., In this method
& block of polycrystalline beryllium intercepts the reactor
beam. Dus to Bragg scattering, all the neutrons of energy
greater than 5x10=3 electron volts, (corresponding to a wave-
vector of ovbout 3.96 i), aroeliminases Lrom Ltho honm,. For

neutrons of enorgy less thon 5x10*3 electron volts, the
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beryllium filter 1s transparent, since the coherent scattering

can only occur in the forward diraction.21 (See Fig.3.5.)

The beryllium filter therefore acts as & good low pass filter

for neutrons, sllowing nearly 90% of the neutrons in the

cold part of the reactor to be used, although it does not

really monochropate the beam. The filter is also cooled to

liquid nitrogen temperatures to mininize the attenuation

of the low energy neutrons due to scattering from phonons.
The incident bear: passes up through the pile top into a

drum where the sample 1s located. An arm connected to the

drum carries the chopper on one end and the BF3 neutron

detector bank on the other end.

Sb,The Time-of=Flipht Anelysis>?
v Timeéof-fliéht teéhniqﬁes.éro 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 thﬁs acts as
a neutron shutter.

Fig.3.6 shows a diagram of the chopper. It consistes of a stack
of cadniun plated steel sheets, stacked in a four inch diameter
shell. The rotor spins at about 7500 revolutions per minute,
and transmifs & burst of neutrons of about 30 microseconds.

Pig.3+.7 1llustrates the technique of time-of=flight snalysis
in which the slower nsutrons take longer to travel to the
detector, so that they are counted at a later time.



RELATIVE INTENSITY

69

l - I I
INCIDENT SPECTRUM AFTER FILTERING

ﬂ-\ .
3.96 A
|
|
INCOMPLETE Be/!
FILTERING {
‘ |
!
. 1l ' |
3 4 5

NEUTRON WAVELENGTH (A)

FIG. 3.5

The Wavelength Spectrus of the Piltered Oold
Neutron Beam Incident on the Sample Material,




70

-

CADMIUM SHEELD ON TOP, BOTTOM 8 BOTH ENDS
HIGH TENSILE FORGED CAP SCREWS

3250 STEEL FORGINGS
HARDENED & GROUND

[A__\ A __ ]
\ N
. : y Iy L
o = ="
S SR \ =l _— N -
NE—
' AY 77'
yre
\
N
U

FLIGHT PATH OF NEUTRONS

Fig. 3.8

The Slow Chopper Comstructiom.



°383ng UOIINOK ¢ JO UOTIMFIISEQ LBisug uTEYTaMXEN ¥ JO
- sysdyway IGPTTI-JO=uEL ¥ JO UOTITINESIANY SFIvEIPE
L€ °9l4
(w3) HIVd LHOIS

_ INTENSITY (NEUTRONS em™2 sec™! PER ¢m OF FLIGHT PATH)

o - ? o - O -

'\\\\\\\L wwx\\\\\

NS 5

'I‘
H43dd40HD

}
o, <"
° N\~
o |
O
o
HO.L;I;J.HG

1L



72

In Fig.3.7 the beanm incident on the chopper is the neutron
flux scattered from the sauple. (In this experiment, the angle
between the incident beam and the moveable arm with the detector
bank was 90 degrees.) Assuming a Maxwellisn distribution in
energies, the chopper in the diagran opens at time t,, successive
subscripts indicate - later times. It can be seen from the
diagran that after a so-called dead time, the pulse reaches
the detectors, which proceed to monitor the different energles
at different tires. )

In this experirent, a RIDL :00 channel analyzer wos used
to record aﬁd 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 nicrosccohds, with only 200 of the LOO channels
being used for each run.

In order to obtgin a spectrum in terms of energy, it is
necessary to determine the energy assoclated with each channel.
To do this one must first determine the dead time, i.e., the
time 1t 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 1is:

' L_(h) 2 |
ev)s m(gr) ' ] 0625y In 10
E( v) 2 [ Ty + 25:&!0"@.;). ‘@ ceatrio ) (3.59)
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where Tp is the deed time, m 1s the mass of the neutron,

1.6?x10'24 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 Ne, 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.3.59 moy be used to determine

the energy of any desired channel in the spectrum by specifylng N.
Cne may also determine the wavenumber of the neutrons, for

any particular channel, using the equation

«,/:LthCNJ_ (3.60)

TR

where h is Planck's constant, 6.6x10"27 erg=sec, and E is the

energy in ergs (Eqt.3.99 without the conversion factor.)

5¢c.The Sample Holder

The sample holdef is made of 1100-type pure aluminum. This
is unalloyed eluminum made espccially for insertion into rceactaors.
Because of its purity, the possibility of it becoming "hot"
due to neutron irrsdistion is minimized. Becsuse of aluminum's
low cross section for cold neutrons, it makes a useful construction
material, being relatively transparent to neutrons. Fig.3.8a
shows 8 diagram of the sample holder with the open chamber visible.
The sample chamber ls & rectangular volume which was milled
out of the sold sample block, It contains a volume of about 60

cublc centimeters.
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A pglass senled feed through made by the Stupskoff Ceramlcs
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 West Instrument
Corporation pyronetric proportional temperature
controller, Gardsman MNodel JP,.

On the underside of the sample holder, beneath the sample
cha.iber, a winding groove was milled to accept an osbestos
sheathed #2% nichrome heating wire. The heating wire was sealed
into the groove using "Ssuereisen", an insulating ceramie cament,
manufactured by the Sauereisen Cements Company., A "Powerstat",
type 20, manufactured by the Superior LElectric Company, switched
on and off by the temperature controller, supplied current to
the healer wire. A block representation of the control of the
heating system 1s shown in Fig.3.8c.

A thin (~ 0.,0156 inches) 1100-type aluminum window waes pasted
over the open sczple chexber gfiter the szrorle mziterizl wes
intrcduced, RTV-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, on 1100=-{ype aluminum frame, with
eluminum screws was used to press the sluminum window flush
against the sample holder. (See Fig.3.8b.)

“he entire sarple holder was then placed in the drum over
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the beryllium filter., To minimize air scatiering of the

-bean, the drumn was evacuated.

5d,The Phenanthrenc Sample

The sample was purified in the samc manner as was described
in Chapter 2, Soction 3a. Due to the fact that incoherent scat-
tering was involved, a single crystal was not needed, 50 8 pow~

dered sample was used.

e.Techniques and Results

The cold neutron inelastic scattering spectra for 90 degree
incoherent scattering off phenanthrene were obtained for
several difierent temperatures around the anomaly temperature
of about 72°C. The ambiant temperature run was always performod
first. The higher tempersture runs were then performed. finally,
the room teuperature run was reneated and compared with the
first run to check for the possibility of the sample having
molted., In this circumstonce 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 snalysis of the data was performed using the Control

Data Corporation 6600 computer system available at Brookhaven
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National Laboratory. The plotting of the dato was done using
the peripheral oquipment-at the Computer Cehter, in this case
the Calcomp llodel 565 Electro-Mechaonical Plotter.

Using Eqt.3.60, the wave nurber of each channel was determined,
In order to better observe the behavior at low energles, the
loz of the wove number was slso determined for sach channel.
The displaced snectira are plotted as o 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 onc total is taken., Also, since the
width of the incident neutron beam 1is not insignificant
compared to the energies examined in the scattered beam, a
considerable loss of resolution results at the low energy end
(k-»0) of the spectrum.

Although there 1s no apparent shift in the peaks of the
spectra, there is o discernable change in the relationship
of the peaks to each other, from one spectrum to the next.
For example, the peok at about 65 cm~! becomes smaller in
relation to the higher energy peeks as the temperature incrosses
towards 72°c. Above the anomaly temperature,
this peak seems to be regaining some of its relstive 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° ¢ spectrum was obtained using the computer to
perform the calculations. The results of this difference analysis
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are indicated in Fig.3.10, Directly in the region of the
69 en™ ) peel. discussed above one can see a net loss in the
nunber of low 1lying modes of vibration in going from roon
ternerature to 75°C, in spite of the exnected Doltzmann
increase in the number of modes. In fact, when a Boltzmann
correction is applied the loss in modes 1s even greater.
Since only dilferences are of concern in this exveriment,
background runs with the sample material absent were not
necessary.

The experiment was repeated using the High Flux Deam
Reactor at Drookhaven ilational Laboratory when the Graphite
Reoctor was retired from service. (See Appendix C for a
description of the High Ilux Beam Reactor.) The results of
this experiment are shown in Fig.3.11. On can see excellent
agreement between the two difference snectra in IFlgs.3.10 and
3+11. Becausc the channel separation for the High lux Eeam
Reactor was 8 nicroseconds, the energy resolution was better
than that for the Craphite Reactior.

One must note &t this point that the spoctra indicated in
Fig.3.9 are not the &(w) 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 linesrly with frequency, the
size of the interval continually increases as one progresses to

higher frequencies (energieé). This, however, does not affect
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the qualitotive analysis to be presented in the next section.
The resolution of the cenergies of the peaks is sufficient
to allow for thq establishing of their assocloted frequencics,
for comparison with already published assignments for phen-
anthrcnc%3This comparison is made in Table 3.1, where it is

obscrved that reasonable agreement is obtaoined.

6.Discussion

In order to attenpt to draw conclusions from thils experiment,
it will help to sunmarize all relevant oexnerimental facts so
far available concerning phenanthrene in the temnerature range
between 25 and S5°C.2u
i. There is a small (about YO colories/mole) heat capacity
anomaly,25 manifesting 1tself as a heat absorption over
a few derreces temperature range at about 72°C, which is
preseciit only in the solid, not in a solution of the
molocules.26
1i. The is asnomalous behavior in the electrical polarizobility
ond dark conductivity orf phenanthrone27 around 72°C.
iii. There is a change in the temperature dependence of the
dielectric constant and thermal exnansion coefficients
at about 72°C.28
iv. From the neutron data there is evidence for a loss in tho
densit& of low energy modes at about ?2°C.
With these results in mind, sone possible mechanisms to explain

the anomalous behavior will be discussed.
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TABLE 3.1

Comparison of Qbserved Structure with Reported23
Infrared and Raman Spectra for Phenanthrene

Observed Peak Infrared Data Raman Data
(cn™) en™) (cn”)
70
100 123
150
232
230 250
246
398
400 427
410
620 618 614
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e anomalous absorption of heat at ?2°C reported earlier25
indicates that there nust be o change in the dynamics of the
system and in this thesis a diclectric anomaly at this temp-
eraturce is found. Cochron and Cowley29 have shown that the
LST relation may be reneralized to include the dynamics of
moleccular solids.

The differcnce curves shown in Figs.3.10 and 3,11 indicate
that as predicted, the density of nicdes of vibration has
decreoscd in the low=lying region of the snectrum, In sccordance
with Eqt.3.20 this can be related to an inereasc in the slope
of the low=-lying portion of the & vs-ﬁ dispersion curve. As
indicated in i"ig.3.3, this change in the slope moy be related
to o decrease 1n the frequency of the low-lyins optic modes of
vibration. Again, as indicated in Section 3, the LST relation-
ship, applicable to the k-0 1limit, prodicts a relationship between
ferroelectric-like behavior of the static diclectric constant
and the value of the transversc optic frequencies at the k-0
linit. IFrom the results presented in this chapter concerning
the cold neutron scattoring, one sees that the lattice dynamical
point of view is consistent with the dielectric measurements
discussed in Chapter 2. One con therefore conclude that phenanthrene
exhibits behavior typical of a ferroelectric material.ah

This does not mean to say that any other anproach, such asg
a microscoplie molecular theory, would not also provide con-

sistent results. Other models have not thus far been ruled out
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by the results of thils exnerinent. Indeed there is no quecstion
that 1t 1s inpossible to complotely unéouple molecular effeccts
fron lattice eifocts. In future models, it way be possible

only to describe the degrec of coupling.
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CHAPTER FOUR

1, Introduction

In order to obtain a simple model for charge transport
in organic semiconductors, consider a set of molecules
infinitely f{ar apart, As the molecules are brought closer,
the 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_whigh the electrqns may become free to move throughout
the material. One introduces perturbations on these free
wvave functions, due to impuritles and phonon scattering. The
energy levels occupied by the charge carriers (electrons or
holes) are then broadened 1nt§ bands by the overlap of the
molecular orbitals. This model accounts for charge trans-
port by a process which can be regarded as tunneling through
a thin barrier. The hopping model will be considered siiortly.

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. W,1), and assuming reasonable molecular
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orbitals, one can calculate the band structure.

The second step, where the effects of phonon scattering
are introduced, is more difficult to perform. The common
procoedure has been to assuie all the effects of scattering
can be described by one adjustable parameter, such as an
isotropic mean froe pathe. The drift mobility is calculated
from the band structure up to this one parameter, which is
then adjusted by comparison with experimant.1 A test of this
rnmethod 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,2 Katz. et al,3 and Thaxton et
al,1+ based more or less on the above recipe.

Friodmuns haos made an attempt at a first principles treatment
of scattering with no adjustable parameters. He considered
only the elastlc, longitudinal acoustic mode phonon scattering,
and for simplicity the phonon spectrum was approximated by the
two dimenslonal Debye spectrum. Input parameters were vare
ious quantities derived from the cnergy band calculations
of Thaxtonh; Subsequent determinotion of the drift mobility
gave the correct order of magnitude of 1 cm2/V-gec and the
correct anisotropy. |

Friedman extended his treatment of transport to a consid=-

6 This introduces features of ,

eration of magnetic phenomena.
great interest. Since the allowed energy bands are narrow

compered 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 ncar the top of a band has arnepative effective mass.
In the presence of a marnetic field, an clectron in a neg-
ative effective mass state would deflect in the opposite sense
from one in & 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 anpropriate 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 gencrally 1s the case for organic semlconductors
where the molecular overlap is quite small, the carriers
do not move easily through the material., Thus the transport
must be accomplished with tunnellng through the potential
barrier. This last process 1s referred to as the hopping
model. Furthermore, if the Interaction between the lattice
and the electron is sufficiently strong the intergction results in a
local deformation. The deformation must accompany the electron
in any change in position. The electronand deformation combin-
ation are called a polaron, and the process is referred to
88 polaron motion. Thils amounts to a deep potential well
for the electron since it is unable to move unless accom-
panled by its assoclated lattice deformation.

It is easy to see how the drift moblility increases with
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incrcecasing temperaturc, since it is a teuperature activated
PTOCESS.

I'ron wnecertainty prineinle considerations, Glarum’ concluded
chat the band nodel would be appropriate for drirft mobilities
creater Lhan 1 cmE/V-scc, and the hoppins: model would be
annronriate for drift rniobilitics less than 1 em®/V=scc. Unfortun-
atcely, naphthalene, as well as anthraccne, has a ¢rift mobility
of the order of 1 cm2/V-soc, and thus appcars to be an inter-
mediate casc.8’9 Therefore, the mognitude of the drift mobilitly
vill not provide a criterion for the anplicability of one model
over onother.,

However, the sipns and magnitudes of the Hall mobilities
predicted by the energy band model and the hopping model may
differ, denending on such things as corrier mean free path, band
width and temporature.A determination of the signs and magnitudes
of the lMall mobilities would thereiore help determine the

anppropriatenass of the different models.

2.Provious Hall liesasurcments

Yost provious work.concerning Hall effect moasurements suffered
from cither a lack of completenesss in that all possible orienta-
tions of the eleetric 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
organics concerns measurcments on anthracene.

Dresner!! made a surface photo=~lall effect measurement
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in wnhich he fouwd Uwo corricer cifects to predonminate. There=
fore it was inpossivic for nim to asc-ibe the lall voltare
to the Hall rnobility of cither carrier.

Deleccote and Schott12 measured the Ilall meobility in
anthracene usins a pulsed light. liowever, they did not
specify the direction of the magnetic {ileld.

Pethir and Horgan13 perlormed o Ifall measuremont witn the
cerystal unilluminated, and thus werc unable to deternine
which injected carrier, or both, was responsible for their
observations.

Toombs!" measured the Hall eilect wich the nagnetie ficld
oriented along both the & or b directions. The charge carriers
were photo-injected holes drifting along the ¢' direction.

Ilo anomalous results were observed,

Smith15 made photo=Ilall measurements using wealily absorbed
lignt. He may have observed both types of char;e carriers as
a result.

16 measured the lall mobllity using strongly

Korn et al
absorbed light. The measurcments were performed in the six
dif{erent possible orientations of the clectric and magnetic
field for hole carriers. Sincé Lhe carrliers were unambipuously
known, the observed results could be analyzed {or anomalous
behavior. As predicted by LaBlanc1°and Friedman6 it was found
that if an anthracene crystol was oriented with either its g
or ¢' axis along the direction of an anplied magnetic field,
the Hall robillity had an anomalous sign. Tha effect for

electrons was not investigated.
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1, Flementary Theorvy of fthe Hall Effcct

Asinplifiecd model for the Illall effect is first considered.
One agsunes ve arc dealing with a material having no thermal
carrlers. The carriers are all injected carriers of one
sign. Also we ossume the material to be the dielectric of
a parallel plate capacitor, where the space charge of the
carriers is negligible conpared to the charpge on the plates
of the canacltor. This can be achieved by creating electron-
hole nairs very near to one electrode, by photo-injection,
fbr examnle. Thus the creation rate of the electrodes, not the
space charpge of the carriers,limits the nhoto-current. We
also assume all charge carriers havo the same drift wvelocity,

Reforring to Fige. 4.2, we have the standard conditions
for the Hall ecffect. Positive charge carriers are deflected
in the nerative y direction, while negative charge carriers
are deflected in the positive y direction by the Lorentz
force,'v'xﬂﬁl (MKS units will be used throughout.) In the case
of positive charge carriers, an excess of holes builds up on
the face Vo, until an electrostatic field Ey 1s established
which just balances the Lorentz force giving

Eu= v B, (We1)

where Vy i1s the average drift velocity of the charge carriers.

The current density is given byt

Jxzne vy (4,2)
wvhere n 1s the number of positive charge carriers per unit

volume, and e is the charge. Thus Eqt.k.1 may be rewritten:
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Ews (7)) JrBs (e3)

One usually defines the Hall coefficient by:
- ' (4.%)
En = RuixB,
For the simple analysis of uniform drift veloecity
Vxy the Hall coefficient is inversely proportional to the

concentration of charge corriers, .

Ru= & (4.5)
In order to relate conductivity o the Hall coeffieient,
we define the [Iall mobility by:
M, = Ryo (4.6)
where ¢ is the electrical conductivity of the material. This

in turn is defined as:

g = Ne My (4e7)
where iy 1s the drift mobility. We see from Eqts.l.5 and 4.6
thats yom -
m —— 1 ) (h‘.a)

Alsoy J,=0E, , so from Eqt. 4oy Ey = RyUExBz o But by Eqt.
4e6y Ryg~ Bl o Therefore, Py =AM,Ey By « But by definitlon:
= Vu
Ew= W (,9)
where w is the sample width, and Vy is the measured Hall volt-

age, equal to Vz = V45 V4 and V2 being the Hall voltares relative

to ground, Substituting Eqt.l4.9 into the expression
for the Hall field, we can solve for the Hall mobility as
- VH (%.10)
Mu = wE B, '

This now the definition of the Hall mobility.
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L, General Transport Theory of the Hall Effect17

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(E-Fp)kT] » Tho probability that a stote with wavevector K
is occupied, is the same as that of a state with wavevector
:E; s0 no transport takes place. To account for the transport
of charges, the distribution function must be modified by
electric and/or magnetic fields,

f(ﬁ;;,t) is the probability at time t of occupetion of
the staote corresponding to the wavevectorlg'at a point in
the crystol given by the position vector‘;: When we con-
sider the variation of f with respoct to T we are concerned
with a variation that 1s very small, of the order of
a few lattice spacings, so that wave functions having a
definite value of‘ﬁ may be snecified locally in the crystal.
The spatial variation 1s introduced to account for any
inhomogeneity within the crystal.

If ve have a force ;; acting on the electrons, the value
of.z'will change at the rate given by the expression
fic = F. That is, at time t+dt, k will be k+h"1th, while at
time ¢ + dt, ¥ will be ¥ + vdt, Thus the total rate of change

of the probability function isi

P¢
RIS RS K5 NELT S0 R

b 3 (e11)

or expressed vectorially:

Df - 2fF . 1 ¢ v 4,12
2f - L LF.qeV VS (he12)
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If the total rate of chanpe of £ 1s due to collisions
we may writos: 1)4 - &f]

ot (4+.13)

and for the steady state df/dt=0. This gives
6"1 ' - \
S = L F.9.F v V.9 by 1l
d.ﬁ cail. +, * l"-t. ( )
It 1s usual to assumg the rate of relaxation of f in the

absence of external fields is proportional to the deviation

of £ from its equilibriuwn value, £  , tho constant of propor=-

o}
tionality bvelng the reciprocal of the relaxation time, or
d&] - (4-5..\ (4+.15)
At Lot =
Therefore the Doltzmann Transport oquation becomes
—— (4-;‘;‘) - l - 4 -
= 7= FrNs - 967 (4.16)

¢

If the external force F 1is due to electric and magnetic

fields, we have £-%0) 5 ay en
-2 . -%(wars)-vd- (%,17)

where the spatial variation term 1s zero since we will deal
only with a homogeneous crystal.

The Boltzmann Transport equation can now be solved using

5 method developed by Jones and Zener18, wvhere we make the
substitution | 3@»
= - ¢ ) (%+,18)
where £ is the mergy of the steb. Differentiating, we geot
Uik = Ik -(Gelel - g U, (2 (4e19)
If we remember that te
ez Ry and Yk = A V25 (4,20)

we can substitute back into Eqt.M4.19 to get
vy 26 28, 3%,
Wi i e W I3

R e e R CROY Y (h21)

or
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-3
Therefore, remembering that VXV= 0, Wwe get for Eqt.t.17
= =’ & D -
T (CRB)YE = -2 B (0,5 V)

#

or

-, - -
ST DN s - 5, B (L5E0) G

If we choose the magnetic fleld along the z axis, Eqt.l.22

becones

_g.{( B ) Vefe - '%31 ¢ (1.23)

J+|f0

vhere =2
I VLE XN (h24)
low Eqts.4.18 and 4,23 are substituted into Eqt.hk.17, in
order to obtain an equation for the unknown function ¢=¢)(.1.:).
This gives the linear first order equation

e -2
.% -+ :E-C'qks,'f %LBiREQ-; O (ll'oas)
The solution of this equation, first obtained by Jones
8
and Zener;l is
. e YTE-Te (2N TR -
¢= -& LT et -(%,)T8

+(EVTB R [2 B 5 (xe vke)}...J (426)

The curront density is given by

-
U5 (i) 7R =38 [e 3V dx (4+27)
Since f, 1s the Fermi~Dirac distribution function, it follows
ehat - (&) = LU=-5)/xT (#.27)

Furthermore, in the non-degenerate case, with a small density
of electrons in the conduction band, f,&1 . Therefore

(35 £,
=) x £, (1, 28)
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This makes Eqt.4e27 becomo

-—P,
_ (W.29)
J - 4[“ \‘-T J Vet 4w
In order to calculate the grilt mobility, we assume B-O,
and E--Ex T . Then Iqt.4.26 reduces to

Q---—tg,‘s___g'c:em (4+.30)
Substituting thisinto Eqt. %.27 for the currcnt density

we gets o = -
- = Eax + -~ d
« " g kT )" Yo T Ok (4e31)

This may be rewritten as

net - ~ oyt (4+432)
J'l = }‘\T- ‘:K < - V“ > ¢
vhere n is the charge density, given by
- e L )
w = ‘:”'ﬁs j S‘-o dw (4e33
The brackets indicate the ggual statistical average
cav= Jotir

I{u d-;.’
Since the current density is given by

Ix =-Ne Uy
where e is the drift mobility in the x direction, we write
for the drift moblity
My = ~(G) LT V> (+a3M)
with gimilar 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 filelds are intro-
duced, where the electric field is given by —I;‘: =F.J£+ E.?, and
the magnetic fileld by Bz. Substituting into Eqt.kt.26 we get

G-V {E G e ) - (.35)
(t;)IBaﬂ;g‘t[&x( )*E :fv)]}
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Substituting this equation into bqt.%.29 for the current, gives
= iy
N S (T (Exv v 4, dE
Y or3leT))CVyiExie?=aVyito
3

_ e 5] ~ c . V,rE
G o R ARV N %) ]Jdk 36

Since Ex and Ey are constant
Jy= TR S <TYUOx 28 5, Ty, >
"Qﬁi-a—;fﬁx<tVyszt(th)> (1*'037)

- ‘l_‘_i."%f_ga Qtuyﬂe(tv}’) >
Jy = 0 . Also, the last term in Eqt.l.37

represents the mapgneté-resistance term, and is not significant

>
~
r

But in the sf'eady state,

for naphthalene. Finally, € Twyvy,) is small since j, X0 in
the absence of a mognetic field. Therefore Eqt..4.37 becomes

Eg<tvyd = H BLEx < TV, RNalTvi)> (4.38)
Since from Eqt.%.9 and %.10
i E H LI'..
A e, (4439)
we get for the Hall mobility
My= B = F TV, N (2D (4, 10)
“rBa JT V>

If we expand the operator S'Zz in the numerator of Eqt.u4.40,

ve t 1 * - T -1
ge <’tUrS)i.(th)> F— R <‘t (V)‘Vl MYK‘" Vy flex )>

., v LT R TS Ceelit)
whore M:I.J is the symmetric effective mass tensor, defined by

= )% e
MLJ = Fe (‘bk;_bk-j\-

The two situations usually conslidered are:

(4 42)

1) Constant mean free path (T = f(-lo.!,) )
2) Constant relaxation time, .

The second case, where - is a constant is simpler, since the

last torm of Eqt.Y4.lr1 drops out, leaving for /“H
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> el | -1

PRVIEES (4. 13)
Combining Eqtselted3 and k.3, we get for the ratio of
the Hall to the drift mobility:
An s KL SYT Mok = vy ve Myx > (1 ,15)
0

VENPAER

Casc 1) results in the same expression.

5. Theoretical Band Ener~y Calculation of the Il21l !lobility

Naphthalene erystallizes in a nonoclinie 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 are’?s
= 8,2kha
= 6.00KG

0y o' D)

= 8.66?&( cos(sa + smpg' )
= 122° 551

>

The reciprocal lattice vectors arce defined by:

-»
a1 2m(b x ¢ )
2Tra - o )
o ~a(bxc)
The unit vectors a, b, and &' form a right handed coordinate

etc.,

system as shown in Fig.4.1. One obtains therefores
2=t L9558 -cos B o
2%a" = +955A(=cospa + sinpc')
- -l '
21rp™1= 1,05Ab

(o 446)
Vaf e-h,
2Te = +912Ac
e
In order to calculate My/pMo one integrates Eqt.W.,4+5 in k space
over the first Brilluoin zone, The first Brillouin zone 1is

constructed from a reciprocal lattice formed by the vectors of
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Eqi.l4o k6. Planes are drawn vhich are the perpendicular biscc-
tors of these latitice voctors. The smollest volume enclosed

20

by thesc planes is the first Brillouin zone®™ , as is shown

in Fig.4.3.
For the theorctical calculation, using a tight binding
approximation, the band structure used vas3
E(R)y = 26, con(RT)+ 285 o (R-1) + 28, e [R ()]
+ Ze,c-.(k'&) + 2E¢con Lin- (awc)]

£ HEqcon (RN *)cen-({hob)
4&,.co-s(-kl-b)a--[b. (-k“rf-)]

viere 67,53,5“,,5'2, €3 and £,4 have been omitied since they
cre in general smaller than the other intermoleculor resonance
Integrals. The subscripts label the resonance integrals
according to the scheme of Fig.ltere For ciamplo, £, 1is the
interumolecular resonance intepral between the nolecwle at the
origin (molecule 1) and molecule 2. Both Kotz et 213 and

"

Thaxton et al’ have determined valuces for the resonance integrals.
Both sels oi valucs are used senparately to determine the ratio
expressod in Eqt.l.i49

The procedure for calculating the ratio of the Hall mobility
to the drift mobility is to employ & computer to pick a point
in the first Brillouin zone and then to compute v (=VE ) and
M1 (=van£) for the point. The proper combinations of these
values, according to Eqt.t.45, were formed, weighted by the

Boltzmann factor, exp(-E(ﬁ)/kt), and then added to the results
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FIG. 4.3

Cross Section of the First Brillouin Zone of
Naphthalene in the a~',b~/ Plane of the
Reciprocal lLattice.
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‘oll

FlG. 4.4

Naphthalene Unit Cell. Molecular Centers in the
Unit Cell and at Sites Adjacent to the Unit Cell,
Showing the Numbering Scheme Used by Katzs et al.

3
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for the previous peints, until the whole zone has been coverced.
The density of poinis choscen Tor the computation is determined
by trial and error until the vzluc for the summation  con-
vered. In this manner )iu//$b werc calculoted for nanhthalene
in all six possible orientations of the electric and maprnetic
fieclds. “he program used was developed by Korn2! for caleula-
tions on anthraccne. ‘the results of the theoreotical calculo-
tions are given in TaLlo Ye1a. “he ninus sirns indicate anomalous
1lall mobilities.One <an see that the values obtained using
Thazzton's resonance integralsh predict anomalous behavior for
holcs with the magnetic field in the g or ¢' directions, and
siilarly Tor elcctrons. “he values obtained usins the resonance
intezrzls deter.iined by Katz3 also predict anosnslous beaavior
Tor holes with the magnetic field in the a2 or ¢' directions.
lowever, for elecctrons tho prediciion calls for anomalous

behavior witih the magnetic field in the g¢' direction only.
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Table %41. (a) “heorctical Caleulation of A48ty
Usin: tiie Regononee Interrals Obtained by Katz
and Thauton. (b) M a0 Caleculated Using the
Ixmerimental Data.

Katz Thaxton
Ko e i
| i)?“fii e v o | e LIS
! +.08 =143 } +1,0 =16
b ~1e3 =13 é -16 =16 { Holes
c! -1,3 +.08 E =16  +1,0 |
I R e
a +1¢3 =148 ( +1.9 =11
b +o7 -1.8 i -10 -11 : Eleetrons
¢! +.7 +1.3 ’ -10  +1.5 |
L : )
LI N
| a +.97 =3.6
b =39 -3.7 Holes
i e'| =2,7 +.37
E a +2,8 =3.0
b +1.1 -2.9 Electrons
c'l +0.,9 +2,2
.




108

O.Corrutotion of the Mall lobility Frornt the lengsured Voltore

The computations follow the analysis due to (¥ott and Gurney<2

and adapted by Korn et 21'6

for his investigations oz anthracere.
Wiith the excention of using a conventional nagnet in place of
Korn's superconducting magnet.

The geometry of the crystal sample is shown in Fig.lk.2 and
the signs of the voltages correspond to hole conduction. IFor
elecetron conduction, the signs are reversod. The directions of
the vorious fields arc also indicated in the diagram. The photoe
injecting clectrode (Vi) is located at x = ~;1, while tho
dariz clectrode (Vp) is located at x = +)1, where 1 is the
sample length.

in toe elementery tpeery of thne rali eifect Vp would egual
2Vm where V is the measured voltage with respect to ground
potontial of one of the Hall probes (corresponcing to V4 or
Vo.) llowever, the real proble: must include the effects of the
finite dimensions of the sanple as well as tho fact that the
photo=1injecting electrode forms ammohmic contact leading to
a spacc charge limited current showing quadrotic dependence on

the voltage. Therefore, the internal field E, is not equal to
Eyy wWhere

E = Ve + Vp
L

The primary electric f£ield will now be determined.
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Ga.Delernininy the Prinmery :leetric Mield, Il

I'or convenience we choose a coordinate system 'y y, and z

-

where X'z=X+gld

so that the illuminated elecctrode is at x'= 0 and the dark

electroda 1s at x'= +1. For a homogoncouc atericl Ex(:{)zllx. (x").
Assuniing we are dealing with steady ctate swace charse limited

currents with no tranping, we have the voundary conditions

n{0) = oo, and LE.(0)= O, whore n is the carrier charge

density. From the continuity equation

Jyr = en(x)u Ex(x) (4ro17)
and is independent of x.
The Poisson equation pives @ n(K') = dE y(x') (L 1t3)
ax’
Finally, if one integrates the field strength, one obtains

2§
I Ep(x)dx' = L+ Vp (4.149)

]

Taking en(x'0 fron Dot.lt.4#8 and substituting it into Eqteirel+7,
one gets
2
deptr) 4 A\ Ex)]
- . [} e B
=B ) G = 4 D
Integrating this equation and solving for LEu(x') gives

Eqt) = \Sow X" (4+a51)

Inserting this result into Eqt.lr.4+9 and integrating gives

ol 1 X %"l’,“ = V. +\p (h.32)
" y =

Solving this equation for j and substituting into Eqt.k.51

Eotxr = g0 ¥0yh < g, () (4053)

The potential distribution is obtained by integrating

(4 50)

gives
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atelte 53 from zoro to %', remembering that V(x'=0)=VL and

L‘i

V("'"’+1)—-VD. This t_,lves

- Vo + Vo) ( X\
Vo lx) = V= (e22) ()
Adding VD to boith sides pives

k /
V,.(x')ﬂ} (V;.*Vg)(l—(%’/‘)
One ean adjust Vy ond Vp {o make the ilall probe potential
V(x4) = 0. From Fat.i+e Y5 one can then obtain the value of

(x4/1) at the Hall probc*. The result for V(x})=0 is

(_tg) \l V = [(Xo"'k()]“/l-

wilere we alsc used the fact that %' = x + 11 to return to the

original coordinate systen.
From Eqt.l.56 one can obtain the value of (x,/1) for the

Hall probes, giving

Koo ( Ve
T u&-fvp

Substituting Eqt.lt.57 into Lk.53 glves

' 2,
B rg = 2 (W) Verve)s
- § 2 o
wiileh is the electric field strength at the Hall probes.

ﬁﬁ N
Z

(1{'0 51‘)

(k.55)

(%e57)

(% 58)
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Gbe Calculating the [lall Voltope Irom the lMeasured Voltaro

In order to account for the effect of finite sample dimen-
sions and space charge effects, we introduce the parameters

G and S in the following exnression

= 2Vx (459)
H G S
vwhere G is the geometrical factor due to the finite dimensions

and S is the space charge factor.

6¢c. Tvaluatine G
| The-cése-whero space charge effects are neglected can be

defined by setting S = 1,
Bocouse of the finite dimensions E, # Eg vhere Ey is the
standard'homogoneous fleld for an infinite parallel plate

capacitor, given by - Va
€

Now it 1is assumed that Ey is independent of z. It 1s also
assumed that the ield Ey results from & charge distribution
located at y =¥yw, «}1% x<+}1. Therefore V- Eyao for the interw

ior of the sample. Similarly Wx€,2© for the interior. Thus
—

Ey (_x,g)-.;_-v \/Y(X‘Y) (%+.60)
and

V*yy =0 (4+.61)

V& satisfies the following boundary conditions
Vy(n, T fw) = T Va, F4le xE&ervi )
and
Vy(2h,9) =0
A solution to Eqt.4.61 obeying the above boundary conditions
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has becn obtained by Isenberz, Russcll, and Green

. % )" swbCane)YW/2] Cou, Lfan. LWaneywrse’}
Vy(&v) ﬂ-._ z (e )® cooh [(ane )W "'/u'_\

(k. 62)

ane

Since 2Vwm*= Vy (¢, W) -VY (x)~f w) and S W(A) = - Sink(-~A)

Y tnmh (2o ) 09 /20 ] con Leanaimt/e’)
ve have 2 Ve = V“[.'L pA (L I (a)““‘)’_ J(h—.é )

But comparing this with Eqt.k.59, we obtain
G = 84 z(-t)‘tu.l.uuw)wm—.l el taneyW/ ] (o 61k
M

(Aner )?
We will of course be concerned with the value of G for

x/1 = x,/1 , where by Eqt. 4.57
.S - '/3 — (%, 7)
¥=(EV-1 ’

This series repidly converges.

6d, Evalvating S
" If we consider the yy2 plane defined by kqt.h4.57, where

the llall probe notential is zero, and assume that the density
of charge carriers in this plane 1s only a function of y, we

get for the steady state continuity enquation

Jy =€ npmy Ey rany p By By — g,b(a_ - o (4.65)
where Py is the drift mobility in the y direction,/&u is the
IIall mobility given in eq.h.10, and D 1s the diffusion
constant for the charpge carrier. Solving for dn/dy, and
letting Ey =-dvy/dy we get

s (42 ) L= 4% ]

(+e66)
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This nay be integrated te pive
ny _ Ay Uy Ex B )
On (5) = -(Hr)y, + (4tuZrBe)y (.67)

where ng is the carrier concentiration Ior zecro magnetic field.

Within the dieletric material we have
dE 4 6R
I, " &, e.(" Ne ) (4.63)
wiaere 5, is t glolectr;c constant in the y dircetion, and
& 1is the normitivity.
From Zats..67 and 4,68 one obtains

:;: - _g_ n.[“r[ (-s'Vr +(/“14“n €y bl’y] J-J (4.69)

“he boundary condltlons for LEqt.k.69 are

VYLO) =0 (L;_.',"O)

and

dVy =0 b
3 )Y‘ $pw (. 71)

Eqtelre70 follows from symmetry considerations, whilo Lqt.lts71
follows from neglecting the cd;e eifects of the finite sample.

Banbury, Henisch, and nanyzh obtained as the solution to

Eqt.l.69 samh (V7€)

But, since 2Vp = Vy(+iw) - Vy(~4w) onc obtains the relation

2Vm= VS = Ve Li- (35Feun (2] (%.73)
Tnis gives for 8

(Lo 7h)
S = u-(zg.-.)ta.uﬁ) -

L= [ (A7) (2E)(4£) Q" .75)

I, is tue photo-current of the photo-injecting eloctrode, and

wnore L is

using Lqt.l.58 for Ez
(4+.76)

= WEx ('})( V’) (Ve )"s(u +v,)‘l:



111

OegCrilculation of the lioll 'obllity

- V
'1‘rom - -—h—
and - z.Vm
Vp= 22 (}+.59)
- ﬂt GS 59
and Bat.'+.76, one obiains Vm
/“n'(‘?}i)( Er)z (4.77)
If gAn is to be oxvressed in terns of em®/Vesec, Vp in milli-

1

volts, B, in kilogouss, and % in V ', Zqt.l.77 must be writton as

My = ('.g.;'-'l)(_;n; (%.78)

ZsDescrintion of Ixnerinental Annoratus

ne equipmenty involved using a corventional electror-agnet aond
a nore nowerful light source than the one used by Korn'6 for nis
measureents on hole conduction in anthraccne. Since Korn used a
sunerconducting magnet he required a heater to keep the samnle at
roont temperature. Using the conventional masgnet climinated tnis. Tho

sensitivity increase over Korn's equinment was about a factor of 30.

Za.5he Crystal Jolder

The erystal holder is shown in Mig.!',5. It is essentially two
Teflon discs held together by four 0-80 brass scrows. The 1lluminatced
electrode made of tin-oxide coated gquartz fits into a donression
cut 1nto one of thoe Teflon dises. The dark electrode consists of
a spring-loaded copper platforme. lve Teflon insulated copper wires
provide the necessary electrical connections and pass through o
Teflon pressure seal. There is also a #30 coppor-constantan ther:o-

couple introduced to monitor the semple temperature.



CRYSTAL
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FIG. 4.5

Crystal Holder. Approximately 3X Actual Size,

1394
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The crystal was prepared by polishing in ethanol on a
"Kleenex".A puard ring was painted on the crystsl as near
to the i1lluninated elecirode as possible using "“Zccobond 57¢"
sllver conducting paint thinned with toluene. The dark side
of the crystal was Tirst coated with a thin coat of"Dunont #A4+317"
silver paint to insure as uniform a field as possible, and
then pasted to the snring loaded copner electrode using the
"FEccohond 57¢" paste, to insure good eletrical contact.

After the crystal wos placed in the holder, between the
spring loaded copner 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 1its
position. The two lall probes were then connected by using
springy brass wires etched in hydrochloric acid. The brass
wires werc soldercd at one end to the #24 Teflon insulated
copper wires for support and electrical contact with the
electrometers. The frec ends were bent to press against the
surface of the crystal, one on each side.

For the guard ring connection, a #+0 copper wire was soldered
at one end to another supporting /24 Teflon insulated copper
wire, whilé the free ond was pasted to the painted guard ring
with the quick drying "Dupont #A817" silver conducting paint.

Electrical contact to the tin-oxide coated quartz electirode

was accomplished by pasting a #24 Teflon insulated copper wire

to the edge of the coated surface using the "Dupont #A+317"
paint which had not been thinned with the butyl acetate.
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A loyer of epoxy glue was then spread over the connection. The
epoxy was allowed to dry over night with ean infrared lamp heating
the connection to ald in curing.

Amask of black "Aplezon" wox was ploced on the quartz clectrode

to shield the sides of the crystal from being i1lluminated. This
insured against the generation of carriers by the guard ring.

The bross spring for the copper electrode and for the Ilall
probes were made from 0,020 inch diamoter brass wire that had
been drawn down to a diameter of 0.010 inches to increase its
stiffness. The copper electrode was soldered to one end of the
brass spring. The free end of the wire was soldered to onother
#24+ Teflon insulated wire. All five Teflon insuloted wires
were passed through separate holes in the Teflon pressure socal.

The sample holder 1s then placed in the sample chamber.

-

Zbe The Samnle Chambor

"The'éaﬁpie 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. Thls provides
the necessary cooling for the sample holder. Ses Fig.4.6.

The quartz window, sandwiched between two o-rings, 1s

connected to the illuminated side of the sample chamber by a brass
flange. A gas inlet pipe provides the means of meintaining a
dry, inert atmosphere over the crystal somple. Another brass
flange at the dark side of the seuple chamber 1s 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 {inpger consists of a solid copper cylinder, soft
soldered to the copper block, with conper tubing soft soldered
to the finpger. Cold water is pumped through the tubing to
provide a constant heat sink. This ls neccessary becausc
naphthalene eonsily sublimes at to..neratures only slightly
above room temperaturce. The cooling provided by the cold
water proved to be adequate to significantly reduce tiis
sublimation. Putting some flakes of naphthalene in the sample
chamber also helped reduce the sublimation by providing a
partial naphthalene atmosphere above the crystel.

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

The Teflon 1nsulated wires were directed out the back of the
chamber to a copper pipe fitted with Teflon separators. These
discs have five separzte iholes drilled into them to insure
maximum separation of the wires to prevent any leskage currents.

At the top of the copper pipe was an aluminum box, fitted
with five MHV, high voltage connectors. As can be seen in
Fig.4,7, we have thus insured that all the wires are completely
anclosed in metal for effective insulation from stray fields.

It was also necessory to make everything as rigid as possible
to prevent notion of the leadswhen 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 the copper pipe,

to provide additional strength.
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nector Housing. '
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7ce Ontical Svstem

A 1006'ﬁ5t£;'mércury-xenon lanp, Ilanovia 977b-1,lodel
C—h7-35-53, {roii. Oricl Optics Corporation was used
to illuminate the crystal. Inscrystal of high purity,
charge carriers rust be injected, since the conduction is
not intrinsic. The lanmp is used to photo-injeect charge carricrs
into the naphthalenoc., A heat filter wos placed in the bean to
rcduce the amount of heat getting to the erystal. This was
another precoution against the sublimation problem. The hcat
filter wné 8 quartz container fillled 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 glass
filter was also used to remove most light with a wavelength
above 4000 A to insure arainst bulk generation of carriers.

A fon was used to cool the heat filter to prevent it from

cracking. A block diagram of the optics 1s found in Fig.%.8.

d wlectr System
" A block diagram of the circuit used for the Hall effect
measurement is shown in Fig.4.9.
In practice, it was not possible to align the Hall prodbes
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
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(4144



BUCKING .

POTENTIOMETER
RECORDER
VOLTAGE
ELECTROMETER
STEADY {2
(VAT aVaV¥a¥Was )
LIGHT 1
—'1 7
VOLTAGE
VOLTAGE]
SUPPLY
CURRENT
LECTROMETER RECORDER
BUCKING
POTENTIOMETER
L

1 AND 2 ARE THE HALL PROBES

FIG. 4.9

Block Diagram for the Measurement of the Hall
Voltage and the Photoconductivity of Naphthalere,

444



124}
probes. This voltage had to be balanced out by using a
bucking potentiometer. See Fig.k.10.

7¢. The Vibrating Recd Electromcters

'-.Separaté‘Cdry Vibrating Reed Eléctrometers vere used to
measure the potential difference of each Hall probe because

it was necessary to ground input terniinals of one electrometer
vhen using it to measure voltages. The symmetry of the

circult also made it easier to mateh the impedances Tor the
two Hall probe circuits.

A vibrating reed electrometer, with a 108 ohm resistor
across 1ts input was used as an ammeter to measure the photo-
conductivity.

Because of the very high circuit resistances and the low
currents invoived, leakage currents were a major source of
concern, Great care was tokon to keep all Insulators as
¢lean as possible to prevent currents from leaking across

the insulation.

f, The Mapnet

' 'Thé‘maénéﬁ used was a conventional electromagnet, model

| V-3400 made by Variasn Associates. The power supply was model
V-FR2500 Fieldial Magnetic Fleld Regulator, also by Varian
Associates, with a continuously variable fimld from 0=20
kilogauss. The magnet had & 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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8. Technigues and Results
After‘tﬁeréample chanber was placed in the pole gap, all the

eloctronics connected, and the meters turned on, the Lirst
thing to do is check the dark current. This was usually of

-15

the ordor of 10 to 10-1h amperos, and provided a check
on the integrity of the insulation and isolation of the
electrical contacts. Larger values for the current indicated
siorting out soncewhere.

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

The potential at the dark electrode was then adjusted
so that one of the lall probe potentiols was zero with
rospect fo ground potential, using the bucking potentiometers
to elininate tho unbolance of the Hall probves. After a
sufficlently 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 then turned on and as quickly as possible
brought up to a full strength of either 10 kilogouss or 15
kilogauss. The time lnvolved to achleve full field was typicolly
15 to 30 secconds. The 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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diffcrence between the two baselincs was the measured Hall
voltage and could be read dirc:sly off the recorder trace.

Usuolly, only one of the two probves could be adjusted to
have a small enough drift to moke a neasurement possible. The
probe whiclhi was not being used had its clectirometer kept on a
less sensitive scalc.

The ficld was then turned off to 2llow the Illall voltape to
return to zero, at which time we would again observe the
zero naghetice field bascline. After tiils baseline was sgain
established, the nmagnetic field was turned on in the cpposite
direction, and the llall potehtial again would increosc. ilowever,
~ the doflection of the lall probe potential would be in the
opposite direction from the first case.

A typieal data set is shown in Fig.%.11, ineluding drift.

To perform the experiment for the second charge carrier,
the sign of the potentials for the dork and illuminated
electrodes, and for the guard ring,were simply reversed,
the remalnder of the procedure resaining the same.

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

The results in all six possible orlentations for both
holes and electrons ere given in Tables 4,2 through %.7. The

Hall mobilities were ezlculated from Eqt.%.78, vhere Q is
calculated from Eqt.l.76, 5 from Eqt.4.74, and G from Eqt.lt.G6l,

IFor the evaluation of L in the expression for S, the anisotropic
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TABLE %.2. Experimental Data and Hall Mobility st
Room Temporature.

B//ct

Crystal Photo- Vl (
Oriecntation V%V)VD c&grgnt B” S G My
Dimgﬂgion - (10'11amp) 2 (cm2/V—soc)
l1xwxtit (mv/i<G)

(zn3)

5%2.5%2,5 | 70 L2 ol 02 024 i Bk ﬂ =2,7

I//a 70 L2 o2 .13 LAl J8h «3.0
- holes ; |

1//a
clectirons 70 44 .35 .15 .27 | 85 -3.0

|
Vi 1is the magnitude of the voltage applied to illuminated

electrode.

ing electrode,

is

G is
of

1s the magnetic field intensity.

is the voltage meggured st the Hall probe.

the Tactor due to space charge effects.

is the magnitude of the voltage avplied to the collect-

the geometrical factor due to the finite dimensions

the crystal sample.
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TABLE Y, 3. Experimental Data and lall lobility at
aoon lemperaturc.

B//c!
Crystal - V
Oriengation v%&)vD Eﬁ;ﬁgnt Bm S G My
Dimgﬁsion | (10~ amp) “ (°m2/V‘S°°)
1xwxb (mv/kG) :
(mm3)
5x1.5%3 - [140 290 o2 08k ] J02 | .99 ~-5e3
I//b 1l+0 l'” 109 .18"1' 016 085 ¥y "'3'6
holes .
1o 37| .12 .36 58 | .60 =1l
1// b 140 125 012 e12 .08 Sk ~-148
electrons 15 125 16 .10 L08 | .84 -1.5
111‘0 125 012 .13 011 .81'|' "105
140 125 .70 .09 «08 | o84 ~143
VL' 1s the magnitudc of the voltage anplied to the illuninated

electrode.

Vp 1s the magnitude of the voltage applied to the collecting
eloctrode.

By, is the
S is the
G is the
of the sample..

nagnetic field intensity.

m 1S the voltaje measured at the ilall probe.

factor due to snace charge effects.

zgeometricel factor due to the finite di~ensions -
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TABLE I, ¥, Experimental Data and Iall Mobility at
Room Temperature.

B//%v
Crystal - '/ '
Or{engation v%b)vb_ Eﬁgﬁgnt - 8 G My
' Dimﬁgsion - (10"11Qmp) z (cmafv-sec)
lxwxt S -| (mv/kG)
(mm3) '
5.5x3x3 - | 70 137| .0 a2 | 9 | .9 + 46
I//a - ?0 137 l‘l‘.6 .1!‘|' .52 091 +.50
holes . :
1//a 70 1491 .86 2 ] 4237 | o901 +1.9
b 70 137 .86 020 - | +233 {91 +1.5
L — ;‘7 ',1 ";" e L_ -
) fv

L is the magnitude of the voltage applied to the illnm-
¥ 1inated electrode. -

t

Vp 1is the nagnitudo of the voltage appliod to ‘the .
collocting eloctrode.‘

| -V 18 tho voltdge measurod at the Hall probe. -
ﬁ#ff;"" B'-Vfi thtﬂpagndtic r1-1§ 1ntnn-1ty. o |

R A, RN

'ﬁ}z;is ﬁhe acto: dus to apaco chargo orfoqts.'

G 1s the geomofrical factor due to the finita dimensions ﬁf-“
- of the crystal sample. e TS SR 0
. : . Y [ . o f’ - s g .

. . H ‘ Ty

E -\_“ ’
L



TABLE 4. 5. Experimental Data and Hall Mobility st

Room Temperature.
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B//b
Crystal - '/
Oriengation V%V)VD Eggggnt n -8 G .}KH
‘| Dimonsion S o Mamp)) 2 (cm?/V-sec)
l1xwxt S -} (mv/%G)
(mm3)
5x3x1.5 - J1%0 206} .19 018 | 11 | .88 ] +.16
1//c! 140 206] .20 2021 | 11 | .88 +.18
holes .
140 176| 17 o110 | 09 | 87 | +1.3
I//c'. _ o ‘ _
elactrons
¢
fvo 176} .15 096 | .08 | .87 1.3
N : - A 4
¥y, 1s the magnitude of the voltage appliod to the
~  1lluminated electrode. .
Vp 1is the magnitude of the voltage applied to the
eollecting electrode. , :
a il the voltage measured at the Hall proba.
Bg 1s thc magnetic field 1ntensity.

8".15 the factor due to soace charge ofrects._

is the geometrical factor due to the rinite dimenaions
of the crystal sample. ' : . :

H

" ' oL e Ny [

. " M - o ) . '
’ - . . ' .
. - ’ [N
) H . ’ . . .‘ - . . .
. . .
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TABLE 4, 6, Experimental Dats and Hall liobility at
Room Temperature.

B// a

Crystal
Orientation
and

| Dimonsion

lxwxt
(mm3)

Vi, Vp
W

Photo~-
current

;10"“amp)

My

(cm?/V-sec)

l‘l‘. 5x2x2

1//v
holes

140 140

28

«090

«03

93

5x3x1e5

1//%v
electrons

40 125

L

012

.031

<06

+ .k6 {

is the magnitude of the
illumingted electrode.

V¥p 1s the magnitude of the

oollecting eloctrode.

V. 1: the voltage measured

B, '13 the nagnetic field 1ntonsity. '

8 is tha factor due to the space charge effects

voltage applied to the
voltage appliad tobihe

at the Hall probo._

—

G 1is the geomotrical factor due to the finite dimensions

‘of the crystal sample.

-

© .
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TABLE Y%, 7. Experimental Data and Hall Hobility st
Room Temperature.

B//a
Crystal -
orientation | L Vp i&g:gnt n 8 G Mu
'l Dimonsion 1 (107 tamp) (cm</V-sec)
lxwxt I -| (mv/kG)
(un3)
5053(2.5?5205 ' . - '
70 100 «10 0060 010 - | o9k -1.5
I//c¢' | 70 105] .10 o5k | 410 | .95 -1e3
holes .
/e 70 80 13 02k «116 1 L9 +.55
electrons | _ _
70 80| .18 028 | .153 | o9 + 49
70 80 o2l «036 0192 | o4 +.50
_ : i
vy 1s the egnitude of the voltage appliad to the 11luminated
: olectrode.

Vp 1s the magnitude of the voltage applied to the collect-
. ing eleetrode. .

Vi is the voltage measured at the Hlll probe.
By 1: the magnetic fleld strength. :

8 1: the factor due to space charge errects. _
G

is the geometrical factor due to the finite dimensions :
" of the crystal sample. iy

| 5
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dielectric constants of naphthalene are needed., These values
were obtelned in a2 manner identical wlth that for obtaining
the dielectric constants for phenanthrene.(See Appendix B.)
The drift nodbility values were determined using the flash
technique developed by Kepler25, as described in Appendix C,
The results of the calculation of the Hall mobllity to the
drift mobility ratio from the experimentai data 1s given in
Table 4%,1b. According Onsagerrihe matrix formed by the
values of the ratios of the mobilities should be reciprocal,
That the data in Table 4.1b agrees with this provides a good
test for the consistency of the resvlits of the experiment. There
is en error of about 30% due to the deviations from the average

values for the experimentally determined drift and Hall mobilities.

The ninus signs indicate anomalous Hell mobilities,

9.D1scussion .
" fThe results given in Tables 4,2 to %.7 for naphthalene show

that for the magnetic field aligned along the a or ¢' crystal
directions anomalous Hall mobilities result for holes in naph-
thalene, The holes were deflected in the ovposite direction from
what one would expect <from a Lorentz rorcaf_Ihig result was pre-
dicted by the bend iheory when the resonance integrals obtalned
from Katz3~and Thaxton® were used., (See Table k,1) However, for
electrons, anomalous Hall mobilities were observed with the mag-
netic field aligned only in the g¢g' direction. This agrees well
with the results predicted using Ketsz's resonance integrals.
Although the results using Thaxton's resonance integrals predict
anonmalous signs, they predicts, for electrons, anomalous Hall
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- mobdlities with the magneiic field aligned in either the 2
or ¢' directions, as 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
" the wavefunctions for the various résonance integrals used
by Thaxton was not in good agreenent with the actumsl situation.
A test for the validity of the method used was a run on
anthracene, to compare the results with those obtalned by Korn16
These rasults agreed within the experimental error., The validity
of the space charge could not be checked, unfortunately. The
nethod for checking this dependence is to realize that the
measured Hall voltage is a function of the photocurrent,a2s can
be seen from Eqts.%.72 and 4,75, After explicitly determining
this dependence, one can vary the measured Hall volﬁage by
varying the photocurrent. The results snould agree with the-
predicted functionel dependence; It was Iimpossible to employ
this test for nanhthalene, however, since it was impractical
to vary the photocurrent. If the photociurrent was nade any
less than the best obtainable, the Hall probe voltages becane
marginal. Fortunately, this test was employed on anthracene
measurenents, and the agreement with the predicted functional
dependence is observed.Z! The agreement of the results with
the Onaqger rela;&sn is evidencey,hovever, that the values for
8 (see Tables 4.2 tolt,7) are at least of the correct order
of magnitude. | ‘ _
In sn sttempt to determine the influence of the magnetic
field strength results were spot checked at either 10 kilogauss
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or 15 kilogauss. The results were found to be independent
of the field strenzth under these conditions,
A value for the band width could not be determined from
the experimental data since the dqtails of the energy band

structure are not yet knowm.
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| CHAPTER FIVE
1.Introduction

Hexamethylbenzene (INMB) consists of a benzene ring with
a methyl group subst}tuted for each of the six hydrogen satoms,
as shown in Fig.5%.1. In the pure state B 1s colorless and
has a melting point of 166°C."

H/B has beon found to undergo a N=point transition (a higher-
order phasce transition) in the snecific heat® at about 110°K,
The crystal structure above and below the A-trensition has
been deternined to be triclinie, with one molecule per unit
cell.3 A second phase transitionl+ occurs at about 383°K involve
ing & change in the crystel structure from triclinie to ortho-
rhombie,

The molecular motion and vibrational snectra of HIB have
been studied by a variety of techniques. Andrew5 investigated
the variation of the nuclear magnetic resonance absorption line
widths as a function of terperzture. In this way he wes able to
attribute the low temperature transition to tne onset of rota-
tion of the methyl groups.

leech et 316 presented infrared evidence for internal rota-
tion of the CH3 groups above 110°K.

Rush and Taylor7 performed a neutron inelastic scattering
investigation of HMB above and below the 110°K transition, much
like thet performed on phenanthrene in cﬁapter 3 of this work.,
Changes in the density of modes of vibration were discussed in
terns of changes in the energy of the barrier to the internal
rotation of the methyl groups. | '

One sees, therefore, that lv a variety of methods the low

tenpersture trensition of B 1s genevelly attriduted to the
onset of a new degree of freeden, characterized by a rotation
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of the CH3 nethyl groups.

In an efforl to explore potentizlly 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 eiciton lifetime. It will be
shown that phosphorescence (a rsdiative process) is in competi-
tion with vibrational (and presunably phonon assisted) pro-
cesses of energy deactivetion.

The existonce of phosphorescence wvas established by Snoner
and Kanda8 wvhen they reported phosphorescence in crysta’line
HB at ¥'K and at 77°K.

Olness and Sponer9 reported phosphorescence half-lives in
HMB crystals of about 8 seconds at h.SOK.

With the existence of phosphorescence firaly established,
it was decided to exariine the decay times in the region of the

low temperature’transition.

2.Theory of lonomolecular Trinlet Exciton Decay

An electron in an atom or riolecule behaves as if it generates

two types of angular monenta, one associated with its motion
about the nucleus, the other pictorlally visualized as originat-
ing in an inherent "spin" with an angular momentum of $h.
According to moleculer orbital theory, the ground state of
& molecule msy be derived by adding electrons one st a time to
the molecular orbitals, beginning with the lowest, each ordital
containing two slectrons of opposing spin. If the total spin 8
of the electrons cancel in pairs, them the number of ways (28+1)
in which the total spin sngular momentum can combine with the
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total orbital orbital momentum is one. The multiplicity of the
state 1s said to be one, &nd the stete is called singlet.
An excited state 1s derived by rermoving one of the electrons fronm
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 exclted state 1s
still zero. The multiplieity is still one and the state is still
referred to as singlet. If, however, the snin of the excited eluce
tron is not conserved and consequently no longer cancels the spin
of the odd electron lef{ in the lower orbital, then the total
spin is unity. The mudtiplicity (25+1) 1s 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 rolecule by ontical sbsorption, by ther-
mal excitation, or by bombardment with fast particles. By choos-
ing light of knoyn frequency, one can excite nolecules fron a
well-defined initial state to & well-defined final state.

Using Fig.5.21o, one cen 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 Si (denoted by 57). Through a process called
internal conversion,states of like multiplicity may undergo

a radiationless vibrational deactivetion to a lower snergy level.
Vhen the nonradiative transition occurs between states of
different multiplicity but equal energy, for example 8,—T,

the process is called "intersystem crossing““. As can be seen

in Pig.5.2, intersystem crossing is responsible for both the

formation of the triplet state (81~,T:) and 1ts subsequent
decay (T-l-'B:) and occurs as & result of the increased mter.-
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molecular coupling in the condensed phass.

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

the probabllity of radiative deactivation.

3.Kinetiecs of Trinlet lxciton Decay

In weakly'coupled systems,such as occur in molecular erystals,
the lattice has time to distort around the execited molecules,
The excited state is thus not confined to isolated molecules,
but may effect several hundred or even thousand molecules. Such
8 delocalized excited state is called an exciton’2, Through s
diffusion type of process excitons may transport erergy rapidly
along a chain or'molecules to 8 site which may be far removed
from the original absorption site.

S8inglet excitons are generated by ultraviolet light, while
triplet excitons are generated by intersystem crossing with a
rate constant Kgn.Due to the high purity of the sample, the kinetic
_‘snalysis of exciton decay will ignore trapping.On removal of the
czciting radistion, the singlet and triplet exciton densities,
ng and n, respectively, can be described by the e::presal:l.ons'3

A :_25 = -K;T Ng + ¢r '\1-:L (5.1 )
‘JtT = stns - p n-r -l‘ n-.- (502)

where Kgp is the rate constant for monomolecular singlet
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decay, 8 for monomolecular triplet decay, and § for triplet-
triplet enmnihilation, The triplet-triplet annihilation is
possible becouse the greater lifetime of the triplets sllows
for their interaction. Thils greater lifetime 1s due to the
"prohibited" nature of their deactivation. $ 1s an efficiency
factor equal to the retio of the singlet excitons produced to
the triplet excitons destroyed, and is therefore less than or
equal to 3.

For the long times 1nvol§ed in phosphorescence rmeesurements
(of the order of a second) one can set Kgmg = 0 sincc there
will nolonger be any Intersystem crossing of the type Sf‘T:.
This 1s due to the decreased population of singlets due to their
rapid (~ 108

sec) deactivation. Eqt.5.,2 therefore reduces to

Ao ~gnr -dng (5.3)

For low intensitlies, where monorolecular triplet decey predom=-

inates over triplet-triplet annihilstion, one has
* > X‘ n a (5Ol|')
BNt T

giving for Eqt.5.3 dm_ . —poy (5.5)

or

-8t
NT = Const, x € (5.6)

The phoshorescence intensity, due to thg radiative decay

of the triplet is given by (5.7)
IPH’ < KP n-‘- *
where Kp is the rate constant for radiative triplet decay.

Therefore at times long compared to singlet decay, the
phosphorescence decay has, using Eqt.5.6, the fora

Ly = cConsty v e At (5.8)
One concludes that for the case where trapping effects can
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be ignored, and the time involved 1s long conprared to singlet
excilton decay, thet the phosphorescence ducay follows an

exponential law,

h,Deserintion of the FExneriment

One can otserve the phosphorescence internsity as a
function of tiio, slfter the exciting radiation has been
rexoved, to detcruine the monomolecular triplet decay
constant (. This wos done over the temncrature range from

about 90°K to 120°K. The sassaspiion was made that the pllolphor.l‘b.

unncuniunqrto1u1;lot¢unq;|ul nos %o singlet decsy from impurities,
Y4a,Tae Annorastus

In accordance with Dqt.5.8 one should ohserve sn expon-
ential decay of the phosnhorescence intensity. Therefore, one
may 1lluminate the crystel sample with ultraviolet light,
renove the light and monitor the decay in ;ntensity of the
phosohorcscence. Plotting the decay on semilogsrithmic paper
will enable one to obtein the value of #, at the given
temperature, by evaluating the slope of the resulting straight
line., Doing this at regular teaperature intervals allows one
to deternine the temmerature dependence of the monorolecular
decay constent, S.

The instrument used to observe the phosphorescence was
the Aminco-Bowuisn Spectrophotofluorometer made by the American
Instrument Company. This instrument consists essentially of a
xonon Jump for Whe Wt aource, two mohochromnlors, one for
the omission spectrum and one for the excltation svectrum, and
8 photomnltinlier connected to an anpli~ier and a ralvanonetor.

Sec Fig.5.3. The outpul of the galvononeler is fed into 8
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Hewlett-Packard lodel 7004A X-Y Recorder. Using the time base
of the recorder sot at 1 inch per second, the decay of the
phosphorescence was recorded. A typical recording of this
decay is shown in Fig.5.4a. Fig.5.4b shows the decay plotted
on serillogarithmic scales.

A copper cold finger,one end of which was immersed in e
liquid nitrogen bath, was used to cool the crystal sanple,
whicihh was placed on the other end of the cold finger. The sample
tenperature was monitored using a coppoer-constantan thermo-
couple imbedded 1n the cold finger near the sample. The voltage
developed by the thermocouple was neasured by using & Honeywell

Model 2745 Potentioneter.

b, The Hexsmethylbenzene Crvstel

For phosphoreséénce delayed fluorescence measurements where
long triplet lifetimes are involved, the purity of the sample
is essentlal, This is becsuse an exciton trapped in an impurity
momlecule wil decay, exhibiting the phosphorescence spectrum
of the the impurity rsther than the host material.

High purity was obtained using the standard techniques
of vacuum sublimation and zone refining. When the purified HMB
was examined for impurities using a Varian "Aerograph® Analytical
Gas Chromatograph, several impurities were detected. Additional
sone refining failed to remove these impurities. However, the
Vhiian BAerograph ilodel 700" Preparatory Gas Chromatograph can
be used to separate the components of the sample materiasl,
although this is'a tedious and time-consuming technique, By
observing the differen% time# at which the various components
of the sample material uiit from the‘chromatograph column, one
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can isolate pure HMB and collect it in a bottle as 1t exits from
the res column., Since samples of only 3 gram could be processed
in this way at each operation, the procedure was repeated about
60 times in order to obtain 30 grams of pure HMB., Checking
this material for impurities using the anaiytical chromatosrapi
resulted in no impurities being detected. Spectrophotometric
analysis also failed to uncover the presence of impurities. This
would indicate an Impurity concentration of less than éne part
per nillion, which is the sensitivity of the spectrophotometor.
Yhen some of this ultra-pure ~aterial was melted and analyzed
for impurities an unknowvn thermal decomnosition product anneared.
This necessitated keeping thce temperature of the column of the
preparatory chromatogranh as low as possible (about i?Onc)
to prevent therrial deco:position. It also made it undesirable
to grow the crystal fron the nelt. The crystsl was therefore
grown from the vapor. By reducing the pressure to about 500
microns the tempersture of the furnace can be kept at only
90°¢ and sublimation will occur quite readily under these _
conditions. The cryatal grows against a flat portion |
of the glass containef which is cooled below the surrounding
temperatures using a copper cold finger. The resulting crystel
was approximately 1 centimeter in diameter, and,aslthough not

single had several large clear sections,

T and Re

With the crystal in place, 1iq:id 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) and

maintained at that temperature for 15 minutes to allow for
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thernmal eqnilibriun to be established between the cold finger and
the ecrystal sample. The phosphorescence decay curves were then
taken while the system was allowed to warm up at its own rate of
about of sbout 3 degrces centigrade per minute.Bach measurenent
took about 15 seconds, of which only the first 10 seconds or so
are significant for deterizining the exponential decey constant.
Therefore the temperature did not vary by more than ¥ of a degres
centigrade during any particular measurement. To prevent the
erystal fron fogging over et low temperatures, dry nitrogen was
blown throuzh the sample compsrtment.

A plot of the mono-oleculor triplet decay constant B as a
function of temperature in the regzion of the low temperature trans-
ition in BB is shown in Fig.5.5. The solid line represents a
least squares fit to the dete points. The data points contain a
vertical uncertainty of about 3% due to the uncertainty in deter-
mining the slope of the seilogarithmic plot in Fig.5.4b, and a
horizontal unceréainty of about 4 degree centigrade. These are
indicated in the Figure by error bers. It is seen that there 1is
no evidence for any anomalous change in the decay constant at

110°K, the temperature of the phase transition.

6.Discussion
It 1s well established that the low~te-perature transition

exhibited by hexamethylbenzene is due to the onset of a new
degree of freedom, characteriged by the hindered rotation of
the CH3 methyl groups. It has been'shoyﬁ in this experiment

that this new degree of freedom does not detectably affect

the monomolecular triplet deéay constant ©.0ne nay compare this
result with thi results obtained by Whitten et 31’3 where no



3 (sec™)

i

| i | |- l i

95 100 /105 110 115" 120
TEMPERATURE (°K)

. 716.5.5. Monomolecular Irinlet Decay Constant as a Function
V'ar Toemperature Near the Low Temperature Anomaly in HMB.

z5t




153
anomalous effects were observed for P in phenanthrene on
going through the ternperature at which phenanthrene exhibits
a second-order phose change.

It is of some interest that no effect was observed for the
tenperature dependence of B , since 1t 1s generally essumed
to be representotive of a phonon assisted process. One must
conclude as a result of this experiment that vibrational
changes assocliated with second or hlgher order phase changes
sre r.ot strongly coupleld to the process of radiative triplet

decay.
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Appendix A, The Linear Coefficient of Thermal Expansion

In Chapter 2, the capacitancé of é‘ﬁaiailéi'piate-' |
capacitor is described, which has a single crystal of
phenanthrene as the dielectric material, Neglecting edge
effects, since they represent errors smeller than the other
uncertaintieg already present In the system, the standard

equation for the parallel plate capacitor is:
C = _—‘)‘(" (0.082%3) (A1)

vhere Cis the capacltence in picofarads, A is the surface area
of the electrodes in cm?, £is the separation of the electrodes
in em, end £ is the static dielectric constant,

In examining this equotion, it is noted that & is not the
only temperature dependent term. Since the electrodes are
painted surfaces, on opposite sides of the erystal, 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 ve wish to investigate the effects of
temperature on the static dielectric constant, to eliminate the

effects of tenmperature on the sepsration of the electrodes.

is shown in Fig.A.1, where 15 is the dlstance between the inner

surfaces of the upper and lower glass alidea,fg is the
height of the single crystal of phenanthrene, lq is the width
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of the air gep capacitor.

For different temperatures, we have:

15 (Tl) = l,(T.\ - Lc. (Tu)

and (A.2)
‘l’ (T" = 1‘ (Tz) "A. (4 (TI.)
where the T's represant different temperatures.
Using the first order approximation, the equations becone:
| Lg(T) = L (TRILIy(T, T ]~ £ (T[N 4 (T, -T2)]
and (Ao3)

Ly (i) = Q(TIL i vy (B-Ta) ~£(T3) [1 42 (To -TeY]
where ﬁv is the linear coefficient of thermsl expansion of
the pyrex spreader, and K. 1is the linear coefficient of thermal
expansion of the crystal sa:pls,
Subtracting the width of the air gap at these two temperatures,

to obtain the change in the alr gap size, we get:

L3(Ts)-4(r;) s i)y (Te-Ti1 ~Le(T) [~T,] (A4)
Solving this equation for X., we gett:

l!(Ta.)-“ (T.) a(:ﬁ;
Ke = (To-7) £.012) -4 7o

{A.5)
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 capecitance of

this air dielectric capacitor that we are measuring. This makes

the ratio of £(T,) tof (%) in Eqt.A.5 spproximately equal to

unity. Furthermore, %he walue of the linear coefficientof thermel

expansion of the pyrex @gperator is small compared to that for

the corystal. This mekes it small compared to the first term in

the right hand side of Bqt.A.5. 80, we mey simplify Eqt.A.5 to

. *
L]
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l [ "l '
read: & - [ '( ) _é(T' ) n.6)
(7;-7.!) ‘r. (1;} :
The values for R}(r) were obtained using Eqt.A.t1 solved for

g (2._033'4/.1)&

c(T) (8.7)

1; (T) =
wvhere for the air dielectric, the dielectric constent 1s equel

to unity, and C(T) are the values for the capacitance of the

air dielectric capacitor resulting from the experiment,

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

used as the basic structursl body of the sample holder. Pyrex
spreaders of various sizes were made by sawing a pyrex tube
into sections of assorted lengths. The snreaders were held
between the two glass slides with & 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 hard
on the bolt.

The crystal sample was glued to the the lower slide using
"Duco"cement sround the sides only. Care was taken to insure that
no glue got under the crystel, since this would effect the ex-
pansion properties of ¥he air gap.

The top c}octrodo vas mede by gludng a piece of brass shim,
cut in the shape of the %ap surface of the crystal, to the
under side of the top slide, using the "Duco” cement. A 40
eopper vire vas gluwed &t eme end to the brass electrode, using
"Dupont ME17° stlver confwsting peint. The vire ves them glued
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to the glass slide,using "Duco" cement, and run back to the

spreader, where a hole was drilled in the upper slide. The

wire was fed through this hole to & #24 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

erystal, painted with the"Dupont #Ai817" paint.A short piece of

#60 conper wire.was glued tothis electrode using the "Dunont ABi7"

paint. The wire was then rum 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

#24 Teflon insulated wire, as in Fig.A.3. These two #2 wires

were then attached to the capacitence bridge, described in

Chapter 2. The sonple holder was then placed in the temperature

beth, also described in Chapter 2.

The capacitance of the resulting gir dlelectric capacitor was
then monitored as & funetion of te~perature. The separation of the
plates of this caﬁacitor was deternined by the expansion properties
of the éfystal, which was sapporting the lower electrode, and
to & lesser extent ﬁy t:hl emp ansion properties of the pyrex

spreader. This however, had a linesr coefficient of thermal

'cxpansion of only about WWJ"/"C.

.....................

The experiment is perfrwsd in exsctly the same way as the
experinent descrthed Sn Ghmgher 2.

IS.A.7 13 used to convert Vhe nessured capnadtonees inte
values for the gap width. Pig.A.lt shovs the functiomnel Gupendense
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of the gap width on tempersture.

From the-slopes of the lines in Fig.A.4, and the fact that the
crystal length is spproximsely constant, we 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+ Discussion

The results shown in Teble A,1,for the values of the thernal
expansion coefficients,esgree with those obtalned by Matsumoto1 .
Matsumoto 's vork, unfortunately was done on fused sarples,
and therefore only an average value was obtalned in his work,
This investigation overcomes this difficulty by using single
crystals orient;d in the 3, the b, snd the g'- directions,
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Crystal Direction

& Below, x 10"1"/ C

o Above, X 10"1*/ C

0.7l
0.34%

2,2

0.64
0.3

1.8

Table A.1, Linear Coeffieients of Thermal Expansion X
of Phenanthrene in the Three Crystallographic Direc-
tions Above and Below 72 C.
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Apnendix B.The Anjigotroplc Dielectric Constant of Phenanthrene
A L _

The Troomn iaﬁporatura capacitane of the crystals with the
painted electrodes were determined using the capacitancq bridge
described in Chanter 2. The erystals wero made as thin and as
large in surface arec &s possible., Typical dimensions wvere
Tn X 7Zim X 7mme Speclial care was taken in minimizing any
bacl:ground capeitance. Also, residual capacitance, with the
crystal semple nissing was determined and subtracted from
the results of the c¢anascitance measurenents.

If Eqt.A.1 is solved for &, one obtains
g = _dC
(0.08€43) A | (Bu1)

vhere C is t.ie room temperature capacitance with the residual

capacitance subtracted out.,

Using different crystals cut from the same boule, several
measurenents were éade in each of the three crystallogrepnhic
directions. The average vézu. in each direction for phenanthrene
is indicated in Table B.1a.The sverace value 1ln each direction
for naphthalene is indicated in Teble B,1b.The errors represent
the maximum devistions rrom.ihi sverage value.
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Crystal Direction

Dielectric Constant

a 4,9 ¥ 0,3
a) b 2,5 X 0.2
c! 3.1 £ 0.3
Crystal Direction Dielectric Constant
a 3.0 £ 0.2 N
b) b 1.9 2 0.2
c! %2 2 0.3

PHENANTHRERE

NAPHTHALENE

Table B.1. Dielectric Constant at 1 kHz in the Three
Crystallographic Directiomns at Room Temperature for
(as Phenanthrene and (b) Nephthalene.
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endix C, Anigotr Drift Mobility Measguronents on Naphthalene
C.1 Caleulation of the Drift Mobilities
Fbr'space-charge freo, ohmic conditions (i.e.,, V< I), the

drift mobllity is defined as:

d* .
Up = 151;_ (Ce1)

vhere d 1s the crystal thickness, between electrodes, in cn.,
t 1s the transit time,in seconds, and Vis the applied voltage,
in volts.

Space charge effects were eliminated by selecting the 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 the analysis,
since the transient currints used represent the nearly trap free
case. This is because it takes a finite time for the traps to
£fill after a step current pulse is applied.2

S.2 lhe Ixperinental Procedurg

The drift moblility of single orystal naphthalene was measured
using a pulsed photo-injection technique described by Keplers. A
block diagram of the equipment is shown in Fig.C.1.

A light pulse of about 1/.4 sec duration was obtained from s
xenon flash tube, powered by a 14 farad capscitor, oharged to
about 10 kilovolts.

A Corning Glass 7-59 filter was used to allow only highly
absorbed light to fall on the c¢rystal. This is to prevent bulk

injection of carriers.
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By adjusting the polarity of the injecting electrode,
(the illuminated electfode), either holes or electrons may
be made to sweep through the crystal,

A current amplifier, of about 1u( scc rise time, amplifies
the resulting current pulse. An oscilloscope is then used to
traco the voltage drop across s resistor In the amplifier, as
a function of time. This sllows forthe determination of the
transit time. See Fig.C.2,

Fig.Ce2a shbws an cxample of such a trace. Fig.C.2b 1Indicates
the significant intervals of the trace of the photo-current
distribution as a function of time. The density ofcarriors 1is
plotted vertically. At T=0 the charge carriers are crescted near tho
injecting electrode surface. After entering the cryst-1, the
carriers move towards the dark electrode due to the applied
field. Diffusive spreading of the currcnt pulse is evident by
T=T4. The current having reached a maximum here, this corresponds
to the beginning of the flat portion. Some time later, at T=T,,
the carriers are further along, and more diffusion results.
Finally, at T=T3 y Some of the carriers of the now rather diffuse
pulse are reaching the dark electrode. This corresponds to the
tall in Fig.C.2a., The time up to T=T3 is then the transit timae.
'S0 from the trace,Fig.C.2a, 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 a2 micrometer.

Measurements were made in the g, b, and the ¢' dtections. The
results for both holes ond electrons are shown in Table C.1.

The numbers are the reait of severd trials in each direction,
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' Direction Drift lobility (em®/V-sec) :
| R ’ D |
.' ' f
" b Holes ' 1,20 % 0,10 ;

¢! 0.50 ¥ 0.0Y
' i
; | i
.’ | 0.60 X 0.05 '

b Elecirons ! 0.50  0.05

c' | 0.60 % 0,05

|

Table Ce1. Tho Drift lMobiliticsc lor laphthalenc at
Roon Tenmperature, for Holes and Ilccirons Drifting
in Zach of the Three Crystallegraphic Dlircctions.
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and represent the average of the trisls. “he errors arc the maxinun
deviations from the averages.

These results comnare favorably with those of Silver, ct al.

Aannendix D, The Brookhaven High Flux Beam Renctor

The Brookhaven High IFlux Beaom Reactor obtains a hirh flux
by virtue of o small core and reflecctor. this limits the
nunber of ports to nine compared to the fifty or so avalil-
able at the Brookhaven Granhitc Research Reactor. The full
power rating is L0 megawatts, but nas not yet been opor-
ated at this hignh level. The thermal flux is 7x101hncuurons/soc-cm2.
+ig.De1 shows the cold ncutron boanm port, which 1s 12 incies
wlde conpared to 4 inches for the othor ports. As with the
Graphite Réactor, the bear: is filtered using polyccyscalline
berylilium cooled to liquid nitrogen temnerature, Tho standard
tine~of-flight analysis tochnlgues are employed at the
Slow Chopper Facility with the additlon of a Scilentific
Data System SDS=910 computer tie-~in for dota accumulation.
The detectors were the standard BF3 type described in

Chapter 3.



Shutter

Shutter Cose

Reoacior \»'ef;sc.-!j \
Thermo! Shield

— Cyhndncol

Liners

Lovity_Luner C ontginment
Flonge
Shield Foce/
[2+820 041 o3 s SRS guateis L Aviigts SN aivons SERLNUS SN
-] 1" 2 Y Fy P "',
Scole
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