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INTRODUCTION 

The Fluorescence Excitation Spectrum of anthracene is knovm to vary con-

siderably with the age and condition of the crystal. This Thesis represents an 

attempt to improve the understanding of these variations. To put the problem on 

a quantitative basis it was found necessary to know both the ultraviolet reflection 

and absorption spectra. Reports of the ~eflection spectrum appear to have been con-

fined to the case of polarised incident light. In addition the reflectivity meas-

urements are always reported for a freshly cleaved surface. For these reasons the 

reflectivity of anthracene for various conditions of the reflecting surface was 

measured with unpolarised light. These varying reflectivities were used to further 

knowledge of the chemical plh)cesses at the crystal surface, as well as being used 

directly in the calculation of fluorescence excitation spectra. 

Reflection spectra with a- and b- crystallographic axis polarisations were 

also obtained. Since such spectra are reported in the literature it was possible, 

by comparison, to conclude that the experimental methods used in this Thesis yield-

ed valid results. The polarised measurements were used to obtain optical constants 

for the crystal. ·In the interests of readability most of' tlle complicated process of 

converting the reflectivities to optical constants is dealt with in three Appendices 

to the Thesis. 

The methods used for the reflectivity measurements had the fortunate advantage 

that fluorescence excitation spectra could be obtained as a by-product. Therefore 

althoug~our primary purpose was to explain certain aspects of previously reported 

excitation spectra, we nevertheless were able to obtain significant new experimen-

tal results in this area. These show, inter alia, that the "surface escape of 

fluorescence" mechanism which has been postulated, cannot be responsible for the 

observed variations in excitation efficiency. · 
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Our interpretation of the fluorescence excitation spectrum of anthracene vvill 

be made in terms of the exciton. The concept of the exciton is therefore basic to 

this Thesis. Since the exciton has its origin in the absorption process in the 

crystal, Chapters Two and Three are devoted to the theory of optical absorption in 

anthracene. The first of these chapters describes absorption in the molecule. This 

chapter is included because the results are used in the next chapter and the author 

is sure that knowledge of this particular molecular absorption is not so widespread 

that he can assume it known to the reader. This description leads naturally to 

Chapter Three where the theory o~ absorption in the crystal is developed. Thus 

are we introduced to the exciton. 

The author wishes to emphasise that the main purpose of Chapters ~vo and 

Three is to provide this introduction to the exciton. Since these chapters are not 

primarily intended to be a review of the theory of optical absorption in anthracene, 

the author feels no compunction in omitting not only details but also different 

approaches which can be found in the literature. To compensate for this, however, 

a comprehensive list of references is included, so that the interested reader can 

consult the important contributions in this field with the minim~ of effort. 

Many experiments have been performed to confirm the existence, and to deter­

mine certain properties, of excitons. After describing some of these to get a feel­

ing for the behaviour of excitons in the anthracene crystal, the experimental 

results are interpreted. Some speculations which have been put forv;ard to describe 

the photoconductivity excitation spectrum are discussed and used in this interpreta­

tion since this spectrum is closely related to the fluorescence excitation spectrum. 

In th~ final chapter our interpretation of the excitation spectrum in terms of exci­

tons is combined with previously described reflection and absorption spectra to yield 

calculated fluorescence excitation spectra for various conditions of the crystal 

surface. These are compared with the corresponding measured spectra and found to 

be in ·good agreement. 
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CHAPTER ONE. GEOMETRY .Q! 21!! ANTERACENE RXOLECULE dlli12. CRYSTAL 

1.1 STRUCTURE 

Anthracene is an aromatic organic compound, the molecule consisting of three 

benzene rings as shown in fig. 1. Each unit cell of the crystal contains two of 

these molecules. The form of the unit cell is shown in fig. 2. Both figs. 1 and 2 

are taken from Bragg[~. 

Fig. 1 ANTHRAC:ENE MOLECULE 

c4n.,.2 H3n+4 {n•3) 

Fig. 2 ANTHH.ACR\fE UNIT CELL 

A 

OA= a, OB= b, OCs c, AOC = p 

The arrangement of the molecules within the crystal has been extensively in-

vestigated by McL-Mathieson et al [2] and Sinclair et al [:3] and unless otherwise 

indicated the information to be given in this Chapter is taken from these papers. 

The anthracene crystal belongs to the monoclinic normal class i.e. it has one 

two-fold axis of symmetry and a centre of symmetry. We adopt the standard notation 

with regard to the crystallographic axes: the a- and b- axes are at right angles to 

1 each other and define the {001) plane. The o- axis lies in a plane at right angles 

to this {001) plane - the (010) plane. From fig. :3 we see, however, that oc makes· 

an angle greater than goo with oa. This angle is usually calledf-1 and was found to 

be 124° 24' [2]. Unit lengths along the axes are unequal and reference [2] gives 

them as 

a = 8•561 A, b = 6•0:36 A, c = 11•16:3 A 

each with uncertainty t 0•010 A. 
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Fig. 3. TEE CRYSTALLOGRAPmC AXES FOR ANTHRACENE. 

In Fig. 3 the b- axis, which is the crystallographic axis or s.rmmetry, is 

shown in the horizontal plane ( 001), the c- axis in the vertical ( 010). An axis 

c' is chosen which also lies in the vertical plane but with the condition that aoc': 

90°. Therefore a, b, c•. are a set or orthogonal axes. The plane defined by b and 

c' will be called the (1'00) plane. It is not a true crystallographic surface but 

will be found convenient to use since it is at right angles to (001) and (010). 

Figs. 4 and 5 define the position of one of the two moLec~es Within the unit 

cell. The edges d and ~ can be described mathematically in terms of a, b and a' 

[2,3]. They are the intersections of the molecular plane with {001) and (010) 

respectively. L and M, the long and short molecular axes are defined in fig. 4. 

Of the two moLecules within the unit cell, one is centred about a corner, the other 

about the midpoint of the ab face of the unit cell. One can be transformed into 

the other by reflection in the ac plane, followed by translation along the a- axis 

by I al /2. 

d 

e 

Fig 4. SECTION 'l'J:iROUGH TEE Fig 6. MOLECULAR PLANE IN TEE 
' 

PLANE OJJ' TEE MOLECULE .ANTHRACENE GRYST.AL 
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1.2 IDEN''l'IFICA'l'ION .Q! PLANES lll\fD ~ 

The major crystallographic planes and axes of a single crystal of anthracene 

can be identified ~uite easily. First the (001) face can be found because of its 

perfect cleavage, which reveals a smooth, shiny surface. For further identification 

the following method, which is taken· from a paper by Nakada[4] can be used: The 

crystal is cut in the form of a plate with the (001) faces in the plane of the plate. 

This plate is placed on a sheet of paper with a thin, straight line drawn on it. In 

general double refraction causes two images of the line to be seen through the plate. 

As the plate is rotated about a normal axis, the double refraction disappears at two 

positions lsoo apart, where the a- axis lies along the line. Therefore the b- axis, 

which lies in the plane of the plate, is at right angles to the line drawn on the 

paper. By using the information of 'the previous section, the remaining axes and 

major faces can be identified. 

This method is not as accurate as more sophisticated methods which use a 

polarising microscope because of errors due to parallax and judgement, but it has 

the advantage of being very si~ple and quick. Initially the author used this method 

in addition to a polarising microscope, but finding satisfactory agreement between 

the two, later stopped using the microscope. Details of the latter method are not 

given here since they are described in appropriate text-books. 



CHAPTER TWO. TEEORY Q! ~ MOLECULAR ENERGY LEVELS 

2.1 ATOMIC ORBITALS Q! CARBON 

If we were to describe the lowest state ot the carbon atom by the well known 

atomic orbital method [5], it would read 

This has two unpaired electrons with parallel spins giving the triplet 3 P. This 

atom therefore is divalent. But a feature of carbon is its tetravalence, which 

means that we must have tour unpaired electrons in the valence shell. To achieve 

this the carbon atom must be excited out of its ground state, so that one ot the 

2s electrons is elevated to an untilled 2pz orbital. This state is then 

(ls) 2 (2s) (2px) (2:p ) 
y 

(2p ) 
z 

It is found that the increase in binding energy which this makes possible 

more than compensates tor the energy required to produce the excited carbon atom. 

Thus the carbon atom will have available for bonding three p-type orbitals and one 

s .. type. The bybridisation which takes place between the s- and p- states can be 

either tetrahedral, trigonal or digonal. 

2.2 1t - MOLECULAR ORBIT.ALS J1i BENZENE 

Anthracene consists ot three benzene rings. An obvious first step in our 

discussion then is to treat benzene. Trigonal bybridisation occurs in the carbon 

atoms of benzene i.e. a :hybrid is formed between the (2s), (2px) and (2Py) orbitals 

giving three new directed bonds in the~ plane which are mutually inclined at 120°. 

Thus the six carbon atoms in benzene lie in a plane, forming a regular hexagon; the 

six :hydrogen atoms also lie in the same plane. Each of the six carbon atoms is 

joined by rr- orbitals to one :hydrogen atom and to the adjacent two carbon atoms, 
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with the bonds at 120° (trigonal l:zy"bridisation): The six 2pz electrons are distri­

buted among a set of molecular orbitals formed by linear combination of these atomic 

2pz orbitals, resulting in n - bonds. 

An important phenomenon found in benzene and indeed in all conjugated and 

aromatic molecules is that of delocalisation of the Pz orbitals: when we attempt 

to find one pa:rrticularly favoured scheme for pairing the 2pz orbitals 1Nhich will 

result in a localised bond, we are unsuccessful. There is no single pairing scheme 

which is more favoured than any of the al ternati vas. This is because each of the 

wave functions describing these six orbitals ~ yl\ n=l, 2, ------, 6 overlaps both 

of its neighbours e~ually. We are forced to take as our molecular orbitals 

.. - .. 
with the constants c1 , c2 , ----, c6 determined 'by the fact that they should lead to 

stationary states. From the above equation we see that each one of our six (2pz) 

electrons has to occupy an orbital wnich spreads over all six carbon atoms, so that 

the molecular orbitals are now completely defocalised. The appearance of these 

orbitals is sho1vn in fig. 6 

.!fiG 6. 1t -MOLECULAR ORBITALS IN BEN'ZENE 

This delocalisation is equivalent to allowing free migration of n -electrons 

round the benzene ring. 01' course when an electron moves from an atom l of the 

ring to an adjacent atom 2, a second electron must move from 2 to l, so that there 

is no net flow of charge. 
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2.3 GEN"ERAL DESURIP'l'ION .Q! E:!...Y, TRANSITIONS 

Equation (l) defines then -type molecular orbitals for benzene. There are 

six independent combinations of this equation, yielding six rc -molecular orbitals. 

'! Each of these molecular orbi tala has a definite energy. The six It -electrons will 

t .· 

. 

. 

' f· 
~<-

be distributed among these orbitals, yielding for each distribution an -electron 

configuration. The configuration for the ground state will obviously have two 

electrons in each of the three lowest orbitals. The other configurations provide a 

wide variety of excited states. The transitions between such configurations are 

associated with the emission or absorption of light. 

These electronic transi tiona among the n -electrons are called N .. v transi-

tions. The characteristic spectral properties of benzene are almost entirely due 

to these N -+V transitions. Therefore, to investigate the absorption spectrwn of 

the molecule, we can, to a good approximation, ignore all except the J't -electrons. 

This is true for most, perhaps all, aromatic molecules. There are several theoreti-

cal discussions of energy levels of such molecules [6,7,8,9,10,11]. 
' We shall give 

a simplified account of the work of Coulson [6,7] who uses the LCAO model. 

2.4 'ENERGY LEVELS .!QE..?.!! MOLECULAR ORBITALS 

Before we attempt to describe the theoretical energy levels of the anthracene 

molecule it would be instructive to consider briefly a general molecule ~~th 2n 

molecular orbitals. Fig. 7 shows the positions of these orbitals on an energy 

scale, then bonding orbitals being below the long horizontal line, and then anti­

bonding orbitals above. It can be shown that to a good approximation 'the energies 

of the orbitals are symmetrical about this line. 

n+2 
n+l 

n 
h-I 
0-2 
2 
I 

Fig. 7. l!NEliGIES OF 2n MOLECUL.AH ORBITALS 
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In the ground state all the levels up to ~ are each doubly occupied. The 

lowest excitation energy would r·A expected t6 correspond to a transition n -n+l. 

The transitions n .... n+2 and n-1-+ n+l are next in order of energy, leading to degener-

ate states. The result of the degeneraqy is that the allowed upper states are not 

described by the individual wave functions corresponding to excited states two and 

three respectively, but by linear combinations of these. Thus the degeneracy is 

split, one of the energies being raised, the other lowered. The fourth transition 

·1 is n-1-+ n+.2. It is found that transi tiona to molecular orbitals of higher energies 
I. 

I . 
1. 

j 

than these usually lead to the breaking up of the molecule. 

The four transitions we have described are found to be characteristic of 

nearly all n - electron ~drocarbon molecules, and because of this have been given 

the folloWing names: 

(n)2 - (n) (n+l) p- band 

(n}2 - (n} (n+2} } 2 
- (n-1) (n+l) (n-1) 

~ 11 ~ - bands 

(n-1)2 - (n-1) (n+2) 
I 

~ - band 

I 
The p- and ~- bands are due essentially to the excitation of a single electron 

from one molecular orbital to another. The excited states of the ct- and ~- bands 

cannot be represented in terms of a single electron jump because of the so-called 

configuration interaction discussed above. T'here was a great deal of difficulty 

and confusion in interpreting the spectra of ~- electron hydrocarbon molecules 

before this interaction was taken into account. 

: 2.5 ~ JlNERGY LEVELS !QB. .ANTHRACENE 
I 

I We are now in a position to discuss the energy levels of the anthracene 

molecule. We begin by considering the symmetry of this molecule, which is shown 
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FIG 8. TEE AN'l'HRACENE MOLE COLE 

Tne molecule has three two-fold rotation axes of symmetr,r--the x, y and z axes, as 
,, 
,j 
.:1 well as a plane of symmetry x:y so that the full symmetry is Vh ( = D2h) •. This nota:.. 
l 

tion is described fully, in [12]. 

One way of characterising the ·symmetry properties of the allowed molecular 

orbitals is to label them in terms of what happens on reflection in the three 

fundamental planes. Each orbital must be either symmetrical (S) or anti~JY.o.metrical 

(A) • Since we are dealing with rc - orbitals, each o1' these molecular orbitals will 

be antisymmetric in the plane z .. o (plane of the molecule) so that we assign the 

label Az• Because this label is common to all our,orbitals we can leave it out, 

remembering that if we have an even number of orbitals with Az symmetry their com-

bination gives total symmet~J Sz• 

The LCAO molecular orbitals 
'1+1' 

1 = 2: 
I 

The symmetry properties·discussed 

Our remaining labels are Sx or Ax, SY or Ay• 

of anthracene are given by 

- ...... - 2 

above must be reflected in the values of the 

expansion coefficients Or of (2). Following Coulson we can, for convenience, 

indicate s.rmmetry SxBy by P, AxSyby ~' SxAy by R and AxAy by S. 

The results of group theory [12 J show that for the 'v h symmetry there are only 

eight distinct types of molecular orbital, viz. Alg' Alu' Blg, Blu, B2g, B2u' B3g> 

B3u• But we have obtained only four distinct t.1pes P, Q, R, S each with the add-

s.r.mmetry Az which we did not include explicitly. The other four must be 

except for having the common symmetry Sz instead of Az• These are the u-
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orbitals in which we have no interest. 

Elementary arguments can be used to show that P, Q., R and S correspond to 

the group theory symbols B1u, B2~P B:.3g and A1u respectively. There are, however, 

several advantages in using the P, Q., R; S notation. These are discussed by Coulson 

[6, 7]. 

A detailed examination of equation (2) would show that there are four moleculaP 

orbitals of each of the types P and R, and three each of Q. and s. The relative 

energies of these fourteen .molecular orbitals have been calculated b,y Coulsone For 

the ground state we have 

P. 2 n. 2 R 2 p 2 o_2 s 2 ~.-2 
1 ~ ~1 9 1 ' 2 ' ~ ' 1 ' -",2 . 

where the suffixes have been as_signed so that 11. is lower than P2 etc.r Examination 

of the Character Table :tor Vh shows .. that two electrons sharing any one molecular 

orbital have combined symmetry A1g. This therefore is the symmetr,y of the ground 

state. Table 1 shows the symmetry representation corresponding to a.ny· two electrons 

in any pair of orbitals of the types P, Q., R» So 

T.ABLE 1 e SYMMETRY CLASS OF PRODUCT· OF TWO ELECTRONS 

.P Q R s 
p Alg B3u B . 

2u. Blg 

Q B3u Alg Blg B2u 

R B2u Blg ~g B3'1,1 

s Blg B2u B3u Alg 

Each of our types of level could be either singlet or triplet. We are con-

earned only with the singlet, since the ground state (all orbitals doubly occupied) 

is always the singlet 1A1g and singlet-triplet transi tiona are not allowed. A 

. further selection rule to be followed in view of our particular ground state is 

that trans! tiona must satis:t'y the condition g• u.. Thus we see .from Table 1 that 

the only allowed trans! tiona are to :s211 and B3u. configurations.. Therefore the only 

~lowed 'excited configurations are PQ, PR, QS and RS, those not allowed being p2, 
·.2 2 2 
Q ,_ R ., S , PS and Q.R~ 



The five transitions of lowest energy obtained from Coulson's calculation 
t 

of the relative energies of the fourteen molecular orbitals are shown in Table 2. 

The polarisation direction is obtained from the Vh character table • 

T.ABLE 2. . !.:::!! TRANSITIONS 1li .ANTHRAC:ENE 
~ .:~~-\ . ,, 

' Transition Description Excited Polarisation 
Configuration 

N-v1 R·l·-.R2P3 ~u y 

N .. v2 Q22 .... Q#3 B3u :X: 

N-v3 sl2-slP3 Blg ( z) forbidden 

N~v4 Rl2,....RlP3 B2u .y 

N-v5 P22-P2P3 Alg (-) forbidden 

From the theory reviewed in this Chapter the following important facts emerge: 

(i) the first absorption band in anthracene has an upper state B2u and is 

polarised along the y- axis of the molecule i.e. the short in-plane molecular 

axis. 

(ii) the second transition is to an upper state B3u and is polarised along 

the :x:- or long in-plane molecular axis. 

(iii) the third band has a B211 excited configuration so that the electric 

vector lies along they- axis i.e. it is similar to the first transition. 

~ 

A more detailed energy level determination which includes triplets is 

described by McClure [13]. Longuet-Higgins [14] discusses the valence-bond approach, 

while Platt [9] use what he calls the free electron "perimeter" model. 
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CHAPTER TBREE. THEORY OF THE CRYSTAL ENERGY LEVELS 
~ -- .-...... 

3.1 INTRODUCTION 

The most satfsfactory description of the crystalline energy states of aromatic 

substances thus far produced is.that based upon the '"~xcitpn~·or non-conducting 

·excited states first discussed by Frenkel [15,16] and Peierls [17]. This concept 

enabled Davydov [18] to determine theoretically the energy levels of anthracene-

like molecular crystals using what might be called a weak-coupling model in which 

the interaction energy between molecules is assumed to be small compared with the 

intramolecular energy. This work has b_een reviewed and extended by Craig and Hobbins 

[19;21] and Craig [20], the material presented in this Chapter being based largely 

on the publications of the latter authors. 

The .unperturbed state in the exciton migration model can be represented by 

a collection of molecules which are,not interacting with each othere If we use the 

Schrodinger equation to describe the energy levels of the k-th molecule, then the 

ground state of the crystal is written, following the assumption of weak coupling, 

as a simple product of molecular wave fUnctions of the collection ofN unexcited 

molecUlese A set of excited states is obtained by assuming that if the collection 

ot molecules were separated from each other by an infinite distance, N-1 of the 

molecules would be in the ground state, t'he other (the p-th say) would contain the 

energy of excitation~ 

The molecules in our cr.ystal do interact with each other slightlyj and to re­

. present this interaction a. small term~ the interaction potential v, must be included. 

in the unperturbed Schrodinger equation. This potential operator has the full 

symmetry of the crystal lattice so that the wave functions must also have this 

8ynnnet:ry. Since the interaction is in this instance a·purely crystalline phenomenon, 

. we have here the first effect of the cr,Yatalline field on the molecular states. 

FIRST ORDER THI!X)RY 

The energy levels E and wave functions f o:r. the crystal are defined by the 



According to first-order perturbation theory the energy of the ground state is 
N • 

E 6 = k~. «.)" ... r r. J ~ "" v, k ~ ,It d r - .. .. .. 3 
where ~A is the isolated energy of the k-th molecule in the ground state described 

by the anti-synnnetric wave .functions lfh • Primed quanti ties would indicate an 

excited molecule. 

It follows from what has been said ~n 3.1 that the crystal wave function is 
N 

. t = 1: ct,e ;. .... , •• 4 
where 

N "" t ad Cld = I 
!•I f is one of N crystal excited ., . 

states all belonging in the weak coupling model to 
... 

the excitation of one molecule to an excited statee The quantity Q. ._ o. is the 
Yr 'I> . 

probability that the p-th molecule is the excitation "site". When~ is la~ge (as 

it will be for our crystal) the coefficients Qr2 differ from one another only in 

their phase f1;1.ctors, and may be obtained from the usual .secular equation: 

det I ( r H~e, + r r. vltR )~., 
The diagonal elements can be written · 

- £ E ' ~1. 
= 0 

Since ft- is the wave :function of the zero-th approximation to the crystal 

excited state for which the excitation is located at the p-th molecUle, we see that 

for the diagonal elements tne excitation is localised at this p-th molecule. Re-

membering this when we use (3} in (4) we get for the diagonal elements 

f r "\ + ...,; + f' t~ "b "ziVuh\ If, + ~· ,: ,, I v~,l "; lf.t - [ - - • - .5 
where the primed sum indicates that the excited (p-th) molecule has been omitted. 

The non-diagonal elements are of the form 

I 4>;" ( L L Vlt.e) ;, cl t 
Since for these elements p ¢ q the excitation is not localised on a particular 

molecule, and the expression similar to (5) for non-diagonal elements is 

can bci said to have transferred from molecule p to q under the in~ 

fluence of the interaction potential•. This is the exciton. The non-diagonal 

\ 
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elements (6) are the exciton "exchange" integrals for an exciton jumping from the 
• 

p-th to the q-th molecule. 

To get the magnitude of this energy which is transrerred, we subtract the 

ground state energy (5) from the diagonal elements of the energy matrix. This 

gives a· secular equation whose roots are the cr,ystal excitation (exciton) energies. 

If in particular we consider only the p-th diagonal element we get by subtracting 

the p-th element of ( 5) from ( 5) 

where 

~(A)~t + l) - A E 
A(t)~ = w~ ... c.>~ 

5. 5 INCLUSION .Q!. SYMMETRY 
I 

...... 

We have seen that the symmetl"Y' of the anthracene molecule is D2h. The 

.. - 1 

symmetry of the unit cell, which is now of great interest to us, is c2h. We 

must combine the molecular wave.tunctions is such a way that these combinations 

19 

transform like representations of the unit cell group. The relations between repre-

sentations of the molecular group D2h and the unit cell group C2h are included in 

.Table 5 .. 

TABLE 5. REPRESENTA'l'IONS OF THE UNIT CELL GHOUP Czh 

Associated 
E 0.2h i .,.., D2h Representation 

Ag 1 1 1 1 Alg' Blg 
"- ' Au (rb) 1 1 -1 -1 B2u, B3u 

Bg;. 1 -1 1 -1 Algj· Blg 

ltt r; a> 1 -1 -1 1 B2u, B3u 

Unit cell wave fUnctions l are now defined, corresponding to the excitation 

ot the two molecules (identified by subscripts 1 and .2) in the unit cell individually. 



The ct - and p ... unit cell functions formed by combining the g- type molecular 

wave functions transform like the Ag and B. crystal species respect! vely; those g . 

' from B2u and B3u molecular functions like Bu and J\. Combining the } 5 in to a form 

·which must transform like a-representation of the space group, we get 

-~.,. l M( .... .,. ) cl~(.,. f ' ( k) = JNh t ex~ i. k.Y1 . ) ' Y/) 
where~ is a lattice translation with components a, b and c and 

- - .. - 8 

l _... 2. ltfl I + + . ·. + M I Ka. /M .4 for 0' i: o,- 1,,- 2----- -: 11. 1 . a. 
~ numbers the M cells along the a- axis. 

. a 
k4 is a wave vector of the reciprocal 

latticee Similar results obtain for the b- and c- directions. 

3.4 APPLICATION .Q! THE: SELECTION RULES 

The selection rule for the wave vectors may be deduced from the transition 

dipole moment integral for the tran~i tion from the ground state f Go to the excited 
~' . . . 

states f ' . It can be shovm that this t:ransi tion 'moment vanishes unless kc o. 

This selection rule applies to the rigid lattice. The band width may become finite 

on account of the excitation of lattice vibrations. HOwever, even when lattice 

• 
vibrations are permitted, the transitions .for which k= 0 are still the most intense. 

This transition rule means that of the manifold of levels (8) only two are 

e:f'fecti vely excited. Thus from starting with a single molecular electron! c level, 

·we now have two levels for the crystal; corresponding to 

i" -> t llf,f (o) 
These two allowed transitions have different polarisationso 

A fUrther selection rule is obtained from the fact that, since the unit cell 

has a centre of symmetry ll only g .. u transi tiona are allowed from the ground state, 

as is the case with a single molecule. It follows. that only those transi tiona are 

·.allowed which correlate with allowed molecular transi tiona, and their polarisation 

Thus crystal transitions related either to molecular 

transitions Alg,.,.B:2U (~ho.rt· axis polarised) or .A1g ... B:3u (long axis polarised) have 

their~~ components polarised in the ac crystal plane, and their p- components along 

the b- crystal axis .. 

20 
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3.5 DAVYDOV SPLITTING 

It is found that the ~- and p- states corresponding to a given molecular 

state not onlY are polarised in different directions, but have different energies. 

The difference in energy is called the Davydov Bpl:.i:tting and is caused by the exchange 

interaction of molecules which are not translationally equivalent i.e. of the 

different molecules of a unit cell.. The exchange interaction of molecules which 

are translationally equivalent simply displaces the spectrum of the crystal rela-

tive to that of the free molecule. 

It I 1 is the exchange interaction term for translationally equivalent mole­

cules, and I 2 the exchange interaction term for molecules not translationally 

equivalent, then 

I. = .... - .. 9 
I = 2. I: I.tm m 

where p runs over molecules translationally equivalent to the £-th molecule and m . . 

runs over the others. The exciton Coulomb term D of (7) also contributes to the 

··displacement of the lines or bands of the molecule in. the crystal relative to those 

of the free molecule. Thus the energy of the transition from ground to crystal 

excited state may be written 

E d~ A , : 

The upper sign refers to the 01 wave 1'unctions, the lower to the ~ $ We see that 

the Davydov splitting is equal to 2I2 a The Davydov splitting differs from the 

usual splitting of levels in cr,ystals in that Davydov splitting occurs even for 

. molecular states which are not degenerate. It arises from the wandering of the 

excitation energy in the crystal and hence is restricted to the excited states. 

~COttD ORDER EFFECTS 

. Craig [20] has shown that the effect of second order perturbations on weak 

transitions is not negl~gible. The effect is particularly noticeable when a strong 

found near the weal£ one. Then intermolecular forces bri~ .. 
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about interaction between the strong upper stat~ of one molecule and the weaker 

upper state of a neighbouring molecule, leading to intensity stealing. Under these 

conditions the second order effects become comparable with those of the first order. 

Quantitatively, Craig shows that the intensity trans:rer should be most notice-

able when the weak system is 0.1-0.2 times as strong as the intense one, and great-

est in the crystal direction in which the strong transition has its major component. 

3. 7 VIBRONI C LEVELS 
v ~(n) 

Vibronic wave ~unctions 't . 0' can be written for the r-th excited electronic 

state, where O''t(n)is the vibrational fmction corresponding to the n-th quantum 

state of the vibration.. In general the vibration differs :f'rom one electron.ic state 

r to another. For the less complex aromatic compounds, however, there is a sim-

plification o:f' both the second order·perturbation and the vibrational energy 

problems in that there is usually only one very intense transition within easy 

reach of the weaker transition. Furthermore the intense s.ystem generally shows no 

well-developed progression o:f' vibrational sub-levels. Therefore we can regard our 

. ~ energy-level system as being a weakly excited first upper state T with accompany-

l" 

ing vibratio~a1 sub-levels, and an intensely excited second upper state ' 1 with­

'"., ~ ,o')lt vibrational structure, plus further upper states T ~ 

t 
In anthracene vapour spectra ~ is found to have up to five members of the 

vibrational progression with a mean spacing of 1400 cm-1 between successive sub-

levels. The spacings are very ~early equal tor both vapour and liquid spectra, but 

in.the crystal the intervals are distorted and di:t':f'er along the a- and b- directions. 

The Davydov splittin~ are also found to differ from sub-level to sub-level. However, 

since the Davydov splitting is small :f'or this the :f'irst band, the dif:f'erencesin 

splitting are neither very noticeable nor very certain~ dif:f'eren t crystal specimens 

ot anthracene giving different results~ 



CHAPTER FOUR EXCITONS 

4.1 INTRODUCTION 

Since the exciton will be used as the basis for explaining the anthracene 

fluoresc.ence excitation spectrum, we devote the present Chapter to a discussion 

of certain relevant properties of the exciton. The previous chapt~r showed that 

excitons correspond to the "hopping" of the crystal energy of excitation from one 

molecule to another since the localisation of the excitation state in a particular 

molecUle does not correspond to a stationary state of the crystal as a whole. The 
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stati~nary state is obtained by allowing the excitation state to be delocalised over 

all molecules of the same kind in the form of an excitation wave. This ty~e of 

exciton is called a Frenkel or Molecular exciton¥ We begin this chapter by showing 

that other models of the exoi ton have been successfully used, and then briefly des-

cribe other variations in the characteristics of excitons. 

The decay of the exciton is obviously of great importance to an investigation 

of the fluorescence of crystalline anthracene. In addition the factors which affect 

the motion of the exciton will play a ~ajor role in our interpretation of the fluor-

escence excitation spectrum. Therefore sections dealing witn the decay, trapping, 

scattering and diffusion of the exciton are included in this chaptere 

4.2 VARIATIONS 1[ EXCITON CHARACTERISTICS 

The mode~ of the exciton which is of greatest interest to us, and to which we 

have already been introduced, is the Frenkel exciton. However Wannier [22] and 
'· 

Mott [23] who were concerned with the optical properties of semiconductors, view 

the exciton as a conduction-band electron and a valence-band ho~e which are bound 
~ 

together .and t~avelling through the crystal, although they may be separated by an 

appreciable distanceo This type of exciton is usually called the Wannier~ott exc­

iton. .Knox [:24] has pointed out that the two views (Frenkel and Wannier-Mott) are 

as they may seem. Since an. excited atom can be described essentially 

an electron bound closely to an ion by the Coulomb inte;raction, the two excitons 
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differ pbysically merely in their "radii •t 1i. e. in the degree of separation of the 

electron and hole. Frenkel's case corresponds to a tight-binding, Wannier-.Mott's 

to a weak-binding appro:x:imation. The absorption spectra of ionic crystals, and 

particularly the alkali halides, are interpreted in terms of an exciton which has 

binding intermediate between the Frenkel and Mott. Knox [24] summarises the experi­

mental evidence which provides a striking verification of the validity of the three 

approximations. 

If an exciton is produced by the absorption of an incident photon, the initial 

wave vector of the exciton will be the same as that of the photon since momentum 

must be conserved. In this case~ since the electric vector of the photon is perpen-

dicular to the direction of propagation, the dipole moment of the exciton will be -perpendicular to the wave vector k , so that all excitons formed in this way are 

transverse. Interaction of the exciton with lattice vibrations or imperfections can 

cause it to be scattered~ and such a scattering process can change a transverse to 

. a longitudinal exciton and vice versa. Marcus and Heller [25] have sho~m that the .. 
transverse exciton energy increases with k so that the effective mass for this 

exciton is a positive· quantity. The reverse is true for longitudinal excitons. The 

importance for us in this variation of the exci·ton characteristic lies in the fact 

that the exciton with negative effective mass has a smaller chance of decaying rad­

iatively. This point is discussed more fully by Davydov [26]. 

In his disussion of molecular exoitons [26], Davydov distinguishes· between 

two limiting cases of this type of excitation wave. These are 

' (i) free excitons: the transfer of the.exciton from one molecule to another 

is much more rapid than the intramolecular vibration frequencies, so that the 

change in the forces of interaction between neighbouring molecules when one molecule 

in the crystal is excited cannot displace the molecules to a new e~uilibrium 

. position before the exciton has transferred. 

(ii) "localised" excitons:· the excitation propag~tes much more slowly than 

the intramolecular vibration frequency so that the molecules do have time to occupy 
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new equilibrium :positions before the exciton can move. The :progress of the exciton 
• 

is impaired since a local deformation, which travels through the crystal together 

with the excitation, arises in the crystal. The "localised, excitons are not 

localised in the usual sense of the wora but their velocities are much-slower than 

those of the free exciton. 

It can be shown that the "localised" excitons do not correspond to stationary 

crystal states and that spontaneous emissions take :place into stat.es in which all 

the excitation is distributed over the-latter vibrations. Thus there is little 

likelihood of radiative emission from a "localised" exciton. This is important 

for us since an exciton originally free may, during its diffusion through ~he crystal, 

become "localised" through interactions with :phonons, defects, impurities, surface 

molecules etc. - If this ha:p:pens then- there is a reduced :probability :for :fluorescent 

emission and the efficiency of excitation drops. 

4.:3 DECAY 

There are basicaliy two ways in which the energy of excitation o:t" the crystal 

· can be transformed (assUming no :photochemical reaction to take :place) after a 

photon has been absorbed. It can either be degraded to heat or re-radiated as 

electromagnetic waves. Since the two processes are not mutually exclusive the 

luminescence is usually of a lower energy than the incident radiation. 

Transformation of excitation energy to heat may be by direct conversion into 

.lattice vibratio~al energy or the excitation energy may suffer int~amolecular 

conversion to vibrational energy of the atoms which make u:p the molecule. The 

latter :process has been called intramolecular deactivationo 

Most organic crystals hive luminescence spectra which are independent o:t" the 

energy of excitation, the fluo_rescence being observed to originate from the lowest· 

excited singlet state of the molecule. It is obvious then that the non-radiative 

transformation of the excitation from higher to this lowest excited state must 

take :place much more rapidly than the natural decay of the higher excited states 

halt-lives lo-10 -lo-11 sec.) Hochstrasser [27] argues that 



since the quantum yield of fluorescence from t~ese higher states is negligible, 

the non-radiative decay of excitation energy must have a half-life of the order 

lo-12 -lo-13 sec. Similar values have bean estimated experimentally by other.means. 

This process of non-radiative decay to the lowest excited state is called internal 

conversion. 

If we denote the probability that a given exciton luminesces by PL, that it 
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transforms to a "localised" exciton or vice versa by Pt, that it decays to lattice 

vibration by Pp and that it suffers intramolecular deactivation by Pd, then the 

ratio ~ of the number of excitons emitting their energy as radiation to the total 

number formed is 

' = PL + p p + p t + p d 

For free exci tons P is negligible so the probaoili ty of luminescence being 
p 

observed from such states is go-y-erned by Pt and Pd. If the excitation energy of free 

excitons is less than that of the "localised" exciton then the probability Pt of 

conversion to "localised" states is small and luminescence with a large quantum 

yield can be observed from those states for which internal conversion is not rapid. 

We note that for anthracene internal conversion is ver.y efficient for all excited 

r- · states higher than the first· since luminescence characteristic of the lovvest excited 

state only is observed. 

The luminescence will decrease as the temperature rises since the number of 

excitons will drop as the result of enhanced thermal transfer to "localised" 

states and to lattice vibrations. The same effect should be obtainable by artificially 

introducing·either impurities or defects at parts of the crystal accessible to the 

': diffusing free exciton.. This process will be studied in more detail in later chapters. 

TRAPPING 

Self-trapping of the exciton can result. from large exciton-phonon coupling 

and makes itself apparent in the localisation of the excitation at some definite site 

inth.e lattice, followed usually be non-radiative decay. The experimental evidence 
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for this phenomenon is reviewed by Knox [24]. 

Trapping can also take place at a cr.1stal defect which has an appropriately 

large capture cross-section. This may happen without strong phonon coupling. 

Sidman [28] believes that his interpretation of the gap between the anthracene 

absorption and fluorescence origins in terms of trapped excitons constitutes evidence 

for the trapping of excitons. In addition Sidman shows semi-quantitatively that it 

is' possible for trapped exci tons to exist in anthracene: There is a shift of -2140 

cm-1 of the 0-0 band of the 1Ag ...,. ~2u transition in the crystal relative to the 

vapour. The Coulomb exciton term D and exciton exchange energy I are responsible 

for the shift. Now it can be shown that a necessary condition for the trapping of 

the exciton is 

I Dl >> I I J (I ·= I 1 + I 2 see equation 9) 

From first-order theory [20] we have for the 1Ag _. 1B2u transition that I 1 = -450 

cm-1, I 2 is negligible so that I = -450 am-1 and D = 1690 cm·l. Second-order theory 

puts I at -6 50 am-1 giving D = -1490 am-1. In either case I D I exceeds I I I by an 

appreciable amount so that it is theoretically possible for an exciton to be trapped 

in anthracene. 

4. 5 SCATTERING 

Excitons can be scattered by phonons, point defects, dislocations and surfaces. 

The mean free path of excitons as defined by scattering with acoustic phonons has 

been investigated theoretically and Knox [24] gives an expression for this path. 

'Agranovich and Konobeev [29] estimate such a path to be 20f for an exciton in a 

· simplified model of anthracene. They find the exciton diffusion coefficient D to 

be 1om2 sec-1 ~hich exceeds measured values by more than an order of ~agnitude. 

discrepancy to the role played by "localised" excitons, the pre­

defects and the approximate nature of the calculation. Knox [24] 

qualitatively, giving referencesto further work, the scattering by dis-

and surfaces. 



4.6 DIFFUSION 

The classical demonstration of the diffusion of excitation energy within a 

crystal is the experiment in which a trace of impurity is introduced into a host 

crystal and the fluorescence of the mixed crystal observed. A particularly thor­

oughlY investigated instance is that of a n.aphthacene, ··' impurity in ant.bracene. In 

their review [30], Ganguly and Ghaudhury point out that in the pure crystalline 

state naphthacene hardly fluoresces, wher.easdissolved in solid anthracene it fluor-

esces brilliantly with its characteristic yellow-green colour, the host crystal 

fluorescence being quenched. 

Since the proportion of naphthacene molecules in the mi:octure ·is negl:j.gible, 
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it is obvious that the initial absorption of light must be by the host crystal. The 

. excitation.is then transferred to th~ impurity (the actual mechanism of transfer 

being a subject of controversy), where the excitation decays, giving the fluorescence 

characteristic of the impurity. In view of the small number of impurity molecules 

present it is clear that a simple process of reabsorption and re-emission cannot 

account for the ~ffects. Although this experiment does not prove that excitons 

are responsible for the energy transfer, the mechanism can explain the results. 

There is a host of other experiments which give more direct evidence for the ex-

istence or excitons and their motion in the cryatalo We shall not go through 

these here, but based on these experiments we.make the following assumption which 

the latter part of the Thesis: 

"Energy transport in organic molecular crystals is due to excitons. Certain 

impurities. and possi blW defects have a high trapping cross-section for these exoi tons. 

Once trapped by the impurity the exciton may decay either radiatively or non- radi­

atively, depending largely on the nature of the impurity. If trapped by a defect 

probability-of non-radiative decay is very high." 

Simpson [31] has made what ,is probably the most notable direct measurement 

the diffu·sion of exci tons. The basis of his experiment is the fact that a 

containing luminescence centres can be used as a detector of excitons •. 
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This mruces it possible to detect the diffusion of excitons from an activator-free 
• 

crystal into a contiguous crystal containing centres capable of trapping the exciton. 

Simpson uses anthracene as the substance in which the diffusion length is to be 

measured and naphthacene-doped anthracene as the detector. 

One surface of a thin anthracene specimen was covered with the detector and 

the- opposite surface illwninated in the funda:tnental absorption band. The luminescence 

emitted by the detector is due partly to excitation by those incident photons which . . . 

are not absorbed in the specimen and partly due to excitons which are formed in the 

specimen and diffuse to the detector where they are trapped and fluoresce. A 

measurement of the transmission of the specimen alone, separates the two contribut-· 

ions so that the flux of excitons into the detector can be determined. 

Simpson assumes that the motion of the excitons can be described by the 

ordinary diffusion equation including terms for the creation and decay _of excitons. 

He solves this equation using boundary condi tiona which fit the assumptions tha~ (l) 

there can be no transport of excitons across the front surface which is free and 

· (2) the detector in contact with the back surface is a perfect absorber of exci tons. 

The agreement 'between theory and experiment is good. He finds that when a 

diffusion length L = 460 A is used in the solution of the diffusion equation, the 

theoretical exciton flux compares well wtith the measured transmission associated 

with the excitons. Where the mean free path of the exciton is comparable with the 

intermolecular distance it is appropriate to regard the motion of the exciton as 

·a jump from molecule to molecule and treat the problem as a random walk. Doing 

this Simpson's ,experimental diffusion length can be used to obtain the displacement 

random walk: 

-- ...... 10 

a root mean square displacement between the points of origin and dec31 of 

The mean number of steps in the absence of impurities will 
'5 ' 

be 10 and the mean free path of the exciton 0.2,. · • 



CHAPTER FIVE EXPERIMENTAL REFLECTION SPECTRA 

5.1 APPARATUS !Q.li UNPOLARISED lVIEASUREMENTS 

One of the difficulties encountered in interpreting fluorescence excitation 

spectra has been a lack of knowledge of the ultraviolet reflectivity of anthracene 

for unpolarised light (excitation spectra almost always have been obtained with un-

polarised light). In particular the variations of the reflectivity with aging of 

and damage to the surface were unknown. It was decided therefore to carT.? out such 

an investigation. This chapter represents the results of the investigation. 

A Beckman Model DU Spectrophotometer was used to provide monochromatic near 

ultraviolet lighto A reflectometer, based on a design by Smith. [32] wa's ai;tached 

to the monochromator. The rei'lectometer is illustrated in fig. 9 ... It, consists 

-- ·------ --

S<.4.le ~d.iML~es 
~le t~f ~~ 

Fig. 9 THE REFLECTOMETER 

"ou.JI.n.j /or 

EMI 6260 

basically of a rectangular metal box painted with non-reflecting black paint both 

inside and outside, and divided into three CQmpa~tments. In the first a quartz 

an angle of 45° to the direct~on of the incident beam of light 
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from the monochromator. This disc acts as a beam-splitter. The intensity of the 

light it reflects is measured by a RCA 6342 Photomultiplier tube, the window of which 

is covered with a fine layer of sodium salic.ylate deposited from an alcohol solution 

which was allowed to evaporate on the window. The phosphor converts the ultraviolet 

into visible light to improve the response of the photomultiplier and also reduces. 

the dark current. The output from the photomultiplier is measured by a Cambridge 

Spot Galvanometer via a potential divider. : The purpose of this first compartment 

is to check that the intensity of the incident light remains constant at any wave-

length during an experiment. It is possible to allow for intensity changes but 

fortunately it was never necessary to do so. 

~he second compartment shown in fig. 9 is intended to house a polariser. 

Initially unpolarised light was used, so this compartment· is shown vacant • 

.A small table, on which the crystal is mounted, stands at the centre of the 

third compartment. The height of this table is vari~ble so that any part of the 

crystal can be illuminated (using visible light as a guide) and also so that the 

·crystal can be lowered out of the path of the incident light. The table can be 

rotated by turning the handle attached to the bottom of the shaft supporting it. 
I 

A pOinter is attached to this shaft which protrudes beneath the rectangular box, 

so that the angle at which light is incident upon the crystal is indicated directly 

this scale having been calibrated to give the true angle of incidence. 

Light reflected from the crystal is picked up by the probe shown in position 
. H 

The probe, shown isolated in fig. 10, is constructed from a 1/2 diameter 

The rod was bent to the desired shape afte~ gentle heating and 
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then cut to the right length. 'The upper (horizontal) face of the probe was sand-• . 

papered and polished until it was smooth and shiny. The lower face, which receives 

light reflected from the crystal, was filed down as shown in fig. 10 so that instead 
. I 

of being ljz" wide it forms a nearly rectangular light accepting face about 3nnn 

wide. The shoulders thus formed on the probe were filed down until they sloped 

zently, so that light missing the accepting face is not reflected back to the crystal 

or conducted up the probe, but is scattered into the compartment. The accepting face 

projects about 4nnn from the shoulders. The purpose of narrowing the vertical face 

is to limit the angle over which ligh~ is accepted and conducted up the probe. , 

The accepting face was sand-papered and polished until it too, like the horizontal 

face, was smooth and shiny, to enhance the transmission of light. All surfaces 

other than these two were then silvered, and a layer of sodium sali~late deposited 

on the vertical face by the method mentioned before. 
' ' 

A tight-fitting brass sleeve covers the upper portion of the probe. This 

sleeve (which is not, shown in fig. 9) in turn fits tightly into the pipe from the 

top of the third compartment to the housing of an EMI 6260 photomultiplier. This 

tube was checked for 1:iileari ty of response and found to be satisfactory for the range 

ot intensities encountered in these experiments. The output of the 6260 is measured 

via a potential divider by a high sensitivity Rubicon galvanometer. The photo­

multiplier housing, sleeve and probe form a unit which can rotate about a vertical 

axis passing down the centre of the vertical section of the probe and through the 

centre of the table on which the crystal is mounted. Thus when the unit is rotated 

face of the probe moves around the circumference of a circle 

with centre the midpoin~ 'Of the table, so that this face in fact describes a circle 

This is shown in plan in fig. 11.. The angular 



.--------

A 
8 
c. 
D 

-- ••4 •• -..._ --- ---. • " 

. ! 

FIG 11. ROTATION OF PROBE ABOU'I' CRYSTAL 

position of the probe is given by the reading of a pointer, attached to the photo­

multiplier housing, on a scale situated on top of the third compartment, as shown 

in fig. 9. The centre of this scale coincides with the vertical axis mentioned 

above. 

The light from the monochromator, in travelling down the refleotometer, pass-

es through two slits in the compartment dividing walls. These slits were made from 

brass strip 1n wide and ljan thick. A rectangular hole was filed in the strip and 

partially covered·by razor blades held in place by clamping screws. The cutting 

edges of' the blades f'orm. the slit. The brass strip, with blades moun ted, can slide 

between two metal flanges attached to the compartment dividing walls, until the. 

~lit .coincides with a hole drilled in the wall. This hole is of course somewhat 

larger than the alit~ but smaller than the brass strip. The slit dimensions which 

· were used were about 4mrn. high by 2mm wide. 

METiiJD Q!'. MEASUREMENT 

The faces and axes of the crystal are identified as described in Chapter 1.2, 

is mounted with an edge of the chose~ ~efleoting face lying along 
I 

The height of' the table is a~justed so that light 

falls on a part of' the reflecting surface. Visible' light is 
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used for this adjustment. The surface is of course larger than the cross-section of 

the beam of light defined by the slits. The elevation of the table above there­

flectometer floor is now fixed by clamping the shaft of the table (although it can 

still rotate). The position of the table is easily relocated because a small metal 

collar is attached to the tabl~ shaft so that the collar comes up against the under­

neath surface of the compartment when the table is.· in position. The desired angle 

of incidence is chosen by rotating the table to the appropriate position. With the 

crystal in place the front walls of the reflectometer (which are detachable) are 

screwed on. The monochromator exit slit is adjusted to a convenient value. Usually 

this was l:..O or 2.0 nnn. 

With a given wavelength of light falling on· the crystal, the probe is rotated 

about the crystal. The intensity of . the reflected light received by the probe at a 

number of its angular positions during rotation is measured in terms of the Rubicon 

galvanometer deflection produced by the output of the EMl 6260 photomultiplier. The 
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angular positions of the probe, and the galvanometer deflection at each of these 

po.si tions are noted. The wavelength and incident control intensity {RCA 6 342 photo­

:nniltiplier tube) ·of the light are also noted. If the Rubicon galvanometer deflection 

is plotted against the angular po~ition of the probe, a curve like that of :t'ig. 12 

MOt I 
t l•hi'IJily 

I 

"'· 

FIG 12. REFLECTED INT.ENSITY vs .ANGULAR POSIIJ.'ION OF PROBE 



This particular curve is for wavelength 240 mp-•· A curve of similar shape is ob­

tained for other wavelengths. The large peak corresponds to specular reflection 

from the surface of the crystal. At angular positions far removed from that where 

_the specularly reflected light falls on the probe, the intensity recorded is far 

from negligible. This is because anthracene fluoresces strongly. It is possible 

to find the intensity of the reflected light by subtraction of 1/2( a+ b) from the 

intensity reading c (see fig. 12) This subtracts the fluorescence and stray light 

intensities from the total maximum intensity. The points a and b are.chosen at 

400 on either side of c. The curve in the regions of a and b is not :perfectly flat 

so that their choice is to some extent arbitrary. Therefore no accuracy is sacri­

ficed if measurement of intensities is restricted to the values at the points a, b 

and c only. This is in fact what was normally done. 

For smaller values of the angle of incidence ( < 30°) the complete curve 

shovm in fig~ 12 is not obtained, since when the .:probe is in the region of the 

angular position at a, it moves into the incident beam of light, which is then 

:prevented from reaching the crystal. In such cases readings b and c only were 

taken. 

After these measurements have been completed for the chosen values of the 
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wav~1ength, the table on which the cr.ystal is mounted is lowered so that the cr.ystal 

is removed from the incident beam of light. The probe is rot~ ted until it acce:pts 

the incident beam,· and values of the incident intensity are obtained, at the appro­

priate wavelengths, in terms of the Rubicon galvanometer deflection~ The incident 

control intensities are checked with those obtained before to see whether or not 

intensity has changede 

- The light source of the monochromator is then switched off so that dark 

current and stray light intensities can be measured. · This is sub.tracted from each 

.the incident intensity readings, to give d(l), say.· The coefficient of reflection 

the crystal R(l} is then obtained from either 



• 
R_ ( A ) = [ c ( ~). - a ( ~) + b ( j\ )] 1 

2 • d( A ) 

5. 3 RESULTS Q! UNPOLARISED MEP.SUREIIJIENTS. 

or R( A) = C(A) - b(A) 
d(>.) 

After many reflection spectra had been obtained both to test the apparatus 
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and to 53-cquaint the experimenter with it, an investigation into reflectivities .for 

different surface: conditions was begun. In fig. 13 we have three reflection spectra 

for the (001) crystal face measured at an angle of incidence 30°e 

FIG 13. REFLEG'fiON SPECTRA: ( 001) 

For curve ( i) the crystal face was freshly cleaved in feeble light innnediately 

before measurement. Care was taken that the cleaved face was as smooth and shiny 

as possible, although 1 t was not possible to obtain a surface entirely free from 

tiny cracks and lines associated with the perfect cleavage of the face. The spectrum 

reported here is extremely reliable-it was obtained on numerous occasions with re-

markable reproducibility. 

Curve ( ii) was obtained the day a1'te.r curve ( 1) • Nothing was al tared on the 

· This curve represents an attempt to see how the irradiation by ultra-

crystal underwent during the measurement of the previous 

alter the reflectance. It is known that photo-oxidation occurs in an-

the photochemical products being the polymer diantbracene, and anth-

We see that the reflectivity has decreased slightly 
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from the unirradiated case. The effect, although small, was found by repetition of 
• 

the experiment to be real and not instrumental. 

Immediately after curve (ii) had been obtained the (001) face was polished· 

gently with soft tissue paper. This resulted in the bright, shiny surface becom­

ing cloudy, the reflecting power of the surface being perceptibly lower, even to the 

naked eye. Curve (iii) shows the reflectivity of this polished surface. We observe 

a mar~ed decrease in the reflectivity although the wavelength dependence is unaltered. 

It is thought (Lipsett at al 34] that the friction engendered by polishing the 

crystal enhances its chemical activity so that an appreciable layer of probably 

anthracene peroxide or anthraquinone is formed during the polishing. This. layer of 

impurities could tend to scatter the incident radiation and thereby reduce the 

specular reflectivity. Equally the roughening of the surface produced by the fri-

ction could lessen the density of the polished surface relative to the cleaved. This 

would provide a better refractive index match between the bulk crystal and the in-

cident medium thus reducing the reflectivity. Probably both mechanisms are active, 

. although the small photochemical change does suggest that the second is more effec-

tiva in reducing the reflectivity. 

Reflection measurements were also made on crystals which had a very thick 

layer of oxidation products. This thick layer is produced by allowing the cr,ystals 

to "age" in the presence of air and light for a period of several months. The 

reflection spectra of aged {001), (010) and (1'00) surfaces are shown in tig. 14, 

15 and 16 respectively. 

Each of these figures shows two spectra. For the curves marked {i) the face 

polished to a silky appearance as normally supplied by the manufacturer, and 

chemical action of light and the atmosphere for an extended 

Period. Before measurement the face was rubbed ver,y gently with soft tissue paper 

remove any grease marks which may have been present as a result of handling the 

For the curves1marked (ii) the face was polished with soft tissue paper 
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so that it became smoother and had a shinier appearance. It can be seen that 

polishing the aged crystal generally increases the reflectance. Presumably this 

is because polishing removes some of the oxidation products. 

It is noticeable that the aged (010) and the (1'00) spectra have a different 

appearance from the spectra in fig. 13, but the aged (001) spectrum remains like 

that of the cleaved spectrum except tor being much less intense. On the aged 

crystal the (001} face certainly had a far less cloudy appearance than the others, 

and it is possible that the oxidation products do not form on this surface as easily 

as they do on the others. This may be due to the crystalline structure of the ox-. 

idation products showing a preferred orientation for gro1~h relative to the bulk 

material. The reflection spectra of the (010} and (1'00) faces were remeasured 

after the aged surfaces had been scraped with a clean razor blade to remove (as ' 

far as :possibl~)the layer of oxidation products. The results are shown in fig. 17. 

3 
R arb. un(tJ 

2 

0 
'--____. _ __._ _ _...__ __ ). Wi~ 

2.2 o· 300 400 

FIG 17. REFLECTION SPECTRA (i):(OlO);(ii):(l'OO) 

Unfortunately scraping the surface roughens it to such an extent that the 

reflectance is rather more diffuse than before. This makes measurement of the 

specular reflectivity difficult. There is no doubt, however, that the reflectivity 

the scraped surface (which should be characteristic of the bulk material anth~ 

racene) is different from that of the aged surface (which appears to be character­

istic of the oxidation products). 

Both figs. 15 and 16 show a prominent peak in the region of .250 mf. Now 

intense absorption band at roughly this wavelength [35,36]. 

39 
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]urthermore anthraquinone is very nearly transparent to the longer wavelengths 
• 

used in our measurements (340-400mJA-) so that if anthraquinone were· the oxidation 

product the longer wavelength reflectivity of the aged surfaces should be character-

istic of the bulk material. Inspection of figs. 15 and 16 show that the long w~ve-

length peaks lie at the same position as those of the first anthracene absorption 

band. Further, in the crystal this band has its major component along the b- axis 

so that the faces containing the b- axis (001) and (1'00) should have these 

peaks more intensely developed than the { 010) which does not contain the b-, axis.· 

That this is in fact found can be seen from figs. 14, 15 and 16. 

The above paragraph indicates that the long wavelength reflectivity of the 

aged crystal surfaces is characteristic of the oxidation product and that this 

appears to be anthraquinone. 

5.4 POLAR!SED 1~(ENTS 

·In order to carry out reflection measurements using polarised light, certain 

improvements were made to the reflectometer. These included the fitting of a 

polariser, a filter, a new probe and a new photomultiplier (~hilips 50 AVP) in 

place·of the EMI 6260. 

The polariser, which was obtained from Polacoat Inc., consists of a thin film 

dichroic material on a quartz disc. It is effective down to wavelengths of 

about 230m]4 • The polariser was 'placed in a housing which in turn was installed 

compartment of the ~eflectometer. Details of the housing are shown 

The polariser can be set to any one of three easily locatedpositions 

the centre portion of the housing until a spring-loaded ball-bearing 

one of three holes. The holes are spaced so that the plane of pol-... 
arisation is either horizontal, vertical or at 45° to the horizontal. 

A Chance OX 7 glass absorption filter was used in some of the measurements to 

absorb the.anthracene fluorescence, so that specularly reflected light only was 

It was found, however, that with both polariser and filter installed, the 

of light conducted up the probe was very low. The best polarised spectra 

Were obtained w1 thout the til ter. 
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The generally lower intensities for the polarised measurements meant that 

the spectra obtained were not as consistently good as those obtained with unpolar-

ised light. Therefore large numbers of polarised spectra were measured in the 

hope of eliminating instrumental variations by taking the average. To facilitate 

the measurement of this large number of spectra the method of measurement was 

changed. The output of the Philips 50 AVP photomultiplier was recorded on a Photo-

volt Varicord 42-A recorder. The photomultiplier output was amplified_by a stab-

. ilised D •. C. amplifier based on a design by Marcley [3?]. Minor modifications only 

were made to Marcley's instrument. In order to make the recordings automatic, the 

wavelength dial of the monochromator was motor-dri van at constant speed. 
' 

As an example of the. type of polarised spectrum obtained, we show in fig. 19 
- . 

reflection spectra Ra and Rb (electric vector parallel to a- and b- crystallographic 

axes respectively) measured on the (001) face at an angle of incidence 20°. Cor­

respondence ~~th similar spectra reported in the literature [Brae and Lyons 38] is 

very good at short and intermediate wavelengths, fair at the longer wavelengths. 

seen from fig. 20 where an average spectrum obtained from the spectra 

the author in combination with all other reported spectra is displayed. 

This average spectrum is virtually identical with that of Bree and Lyons. In the 

allowance was made for the fortunately small differences in 

at which the spectra of the author and those of others workers 
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The spectra in fig. 20 will be used in the next chapter tci compute optical 

constants for the anthracene crystal. 



CHAPTER SIX EXPERIMEN'r.AL ABSORPTION SPEC'l'RA 

6.1 CONVENTIONAL ANTHRACENE ABSORPTION SPECTRA 

There are many experimental anthracene absorption spectra reported in the 

literature. We shall select a few of the more recent of these and discuss first 

the spectrum transition by transition and then·compare the energy levels of the 

tree molecule (solution) with those ot the crystal. 

Transition I The excited state in the molecule theoretically is B2u so that in the 

crystal we expect two components with a small.Davydov splitting. The intensity 

, along the b ... axis shoul~ be somewhat greater than along the a- axis. That this is 

found experimentally can be seen from the following two absorption· spectra ~hich 

are typical of many others in the literature. They are taken trom Bree and Lyons 

[38] and Tanaka [39]. 
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FIG 21. BREE .AND LYONS FIG 22. TANAKA 

Cra:ig and Hobbins [21] find that where Davydov splitting occurs tor this 

ition it ·involves a b- component displaced to lower frequencies and an a­

The,y report that at -150°C the splitting is ;n the range 10 

These small splittings are compatible With a B2u upper state but not 

Oscillator strengths have been measured tor this transition by a n'Wllber of 
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workers. ·. The formula usually used is that for the Reduced Oscillator Strength 

£ = 1·<44 a.,b, c.' 
-q s • I 

1t 10 'a. b c.' av 
I I -where 11 is in wave numbers and E is the molar extinction coefficient. Using 

this formula fa+ fb + fc• should be approximately equal to f for the solution. Lyons 

and Morris [40] quote six values of the oscillator strengths of the first transition. 

The means of these are 

fb = 0.06 t 0.01 

Therefore the solution value, which has been determined by several workers to be 

0.10, shows that the component perpendicular to the ab plane is weak. Theoretical 

calculations [38] show that a B3u upper state would have fc• > .fa, fb but a··B,2u upper 

state would have fc:!:: 0.01. 

The theoretical predictions for the first excited state are seen to be borne 

out by experiment, the evidence being overwhelmingly in favour of an A1g ..., B2u 

molecular transition being responsible for the crystal states. 

Transition II occurs in solution at about 250 mf and does not have the well-defined 

vibrational progression of transition I. A typical solution (solvent ethanol) spec­

trum, after Jones [41] is shown in fig 23. Since the oscillator strength is f = 2. 3 

. [21] and the theoretically predi'cted upper state is B3u, t.he Davydov splitting is 

expected to be very large. Using f= 2.3 Craig and Hobbins [19] calculate the split­

ting to be 16,000 cm-1 and 1, 000 cm-:t for B3u and B2u upper states respectively. 

The cr.ystal absorption spectrum shows a 
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peak at 268~ in b- polarisation, so assuming ~ B3u upper state the a- maximum 

should be near 190mJL • A crystal absorption spectrum covering these shorter wave­

lengths is shown in fig 24. It is taken from Lyons and Morris [40]. From it we 

can see that a peak in a- polarisation occurs at 195mJL, supporting the theoretical 

predictions that this is a B3u state. 

Transition III. The b- component of' transition·III is clearly seen in fig. 24 at 

22lmJ- • The experime.ntal oscillator strength is f'ba0•.16 [42] while theoretically 

values of' 0•005 and 0•2 are obtained for B3u and B2u states respectively [4o]. 
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Since the upper state is probably B2u, the splitting should be small arid the a­

component found near the b. This a- component is probably hidden under and enhanced . 
by the strong a- component of transition II. This would account for the unusual 

shape of' the e.- component in the region 220 - 190mJA- • 

Transition IV. The small peak in b- po£arisation at 20?m~ is taken by Lyons and 

Morris to be the b- component of' the long-axis polarised transition IV. They 

consider that the a- component is buried under the nearby strong a- absorption. 

Examination of' solution spectra in the literature shows no clear-cut indication of 

an electronic transition in this region. 

Transition Vis intense in solution (f•0•4) and from the crystal spectrum (fig. 24) 

appears to have its major component along the b- axis. Certainly f'b is comparable . 

This would indicate a ·short-axis polarised transition to an upper state 

Bree and Lyons [38] have summarised the change in the experimental energy 

levels from free molecule ('solution in this case) to crystal in the diagram which 

is reproduced as fig. 25. Cross-hatching indicates a region of' experimental un-

Dotted lines show the correlation between solution and crystal. 
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FIG 25. ANTHRAC:ENE ENERGY LEVELS: SOLUTION .AND CRYST.AL 

6.2 !1.!1 PRICE-ROBINSON IVIETBOD 

In view of its high absorbing power in the near ultraviolet it would be very 

difficult to measure the optical constants of anthracene in this region by convent-

ional transmission methods. In addition the complexity of the optics of anthracene 

. has made it impossible to obtain meaningful optical constants by conventional re- . 

flection methods. Thus, as far as the author is aware, there are no reports in the 

literature which present these constants as a function of wavelength throughout the 

near ultraviolet. 

Recently, however, a new technique has come to the fore. We shall use it in 

section to obtain the optical constants. Since the technique, which has be­

come known as the Price-Robinson method [43,44] is well described in the literature, 

we shall not describe it in any detail here. Additional papers which can be con­

Sulted are for example those of Jahoda [45] and Kato [46]. 

Briefly the method consists of measuring the r~flection spectrum and hence 

ssing the real part of the amplitude of the reflected radiation as a function 

The Kramers-KroniJ;Lg dispersion relation is then used to obtain the 

46 



47 

imaginary part of the amplitude as a function.of freq_uency. Thuswe know both the 
• 

magnitude and phase of the reflected amplitude. Knowledge of these quanti ties 

allows effective optical parameters to be evaluated. 

The method we have used. to solve the Kramers-Kroning relation to yield the 

phase is that of Bode [4?]. A general description of the dispersion relation and 

a discussion of its validity when applied to anthracene is given in Appendix A. 

The form in which we use the relation is shown in equation ( 12). A description of 

Bode's method of solving (12) appears in Appendix B. 

Q(~): *loo dlog(T(P)I .[o \ ~i ~ \ J~ 
0 dii ' ~ - ~ -

where 9(~") is the phase in radians at the particular vvave number· lie. • 

- - - . 12 

l 't(~)l is the 

magnitude of the reflected amplitude expressed as a function of wave number ~ • 

·6.3 CALCULA'fiON .Q! ~ P'HABE UHAH.AU'l'EHio'l'lU 

64 (~) and 9b(v)corresponding to reflection spectra Ra and Rb were determined 

from (12) using Bode's method. It was necessary for the purposes of the calculation 

to extend the ~~velength range of the reflection spectra. The extension to longer 

wavelengths was effected by calculating the reflectivity from the refractive indices 

. obtained between _400 and ?OOmJI-. by Ei tchiss [48] • The refractive indices are gi van 

for light polarised parallel to th~ a- and b- axes. Since anthracene is transparent 

in this region a straightforward application of Fresnel's equations was sufficient 

for the reflectivity calculation. 

Since there is apparently no report of anthracene reflectivities below 220m)L 

it was necessar,y to guess the low wavelength reflectivi~y. Three guesses were made 

of the high frequency Ra spectrum. These were based on the approximate correspon­

dence between reflection and absorption sp~ctra in regions of high absorption. The 

absorption data of the previous section was used in making the guesses. The first 

guess of the R spectrum was purposely made rather high, the third rather low. An . .. a 

intermediate second spectrum was·also drawn. The high frequency guess of Rb follow-

Closely that of the intermediate Ra• The complete reflectivity spectrum of 
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anthracene from 150 to 70~ is shovm in fig ~6. The three guesses for the high 

frequency Ra and the single guess for Rb are shown. 

-Now it is found that the contribution to the phase at a wave number v, from 

wavelengths remote from ~' is approximately linear in the region of v, . Therefore 

the contributions of t~e high frequency guesses to the phase in the wavelength . 

region of interest {220 - 40~) will be linear. It follows that if these guesses 

are wrong then the errors will also be approximately linear functions of ii in the 

near ultraviolet. Furthermore if we choose points in the near ultraviolet where 

the absorption is known to be low e.g •. 283 and 400mf" , then we know that the phase 

must be very small negative quantities at these points. Values of -oo 30'.and -3o 

01 respectively were arbitrarily assigned. Thus we know the value the phase should 
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take at two points; therefore it is possible to apply a linear correctionthroughout 

our region 220-400m~ • 

The correction to the b- polarised phase was ve~J small (-oo 54' and 4~ 47' 

at 25,00Q and 32,500 cm-1 respectively). The correction to the a- polarised phase 

corresponding the second (intermediate) guess for Ra was reasonable, the correction 

for the first (high) guess was slightly larger and more negative while the third 

(low) guess required a ver,y large positive correction. This justifies the method 

of correction. The reason for this statement is the following: 

The calculation of the phase involves taking the logarithm of the magnitude 

of the reflected light amplitude. Since our third (low) guess let the reflectivity 

tend to zero,. the logarithm of the magnitude becomes a ver,y large negative number. 

the phase obtained is ver,y large negative, and to correct it requires a large 

subtraction (correction). The intermediate guesses required reasonably 

small corrections while the high guess required a correction only slightly more 

negative than the intermediate since the logarithm of the magnitude {and therefore 

the phase) increased much more slowly than the magnitude itself. 

The phases corresponding to Ra I, II, and III were found to be virtually 



identical after correction. 8~ was taken to b~ the mean of these three. 

be noted that the wavelength dependence of the phases was virtually unchanged by 

the corrections. Peaks occurred at the same frequencies in both corrected and 

uncorrected phases. The effect of the correction was to apply a linear shift to 

the phase spectrum as a vvhole. 

We conclude that despite not knowing the short wavelength reflectivity of 

anthrac'ene accurately, we have obtained very good phase characteristics in the 

near ultraviolet. This is the result of applying a technique in which errors of 

large magnitude but opposite sign are deliberately generated. The correction of 

the widely varying guesses to yield virtually identical characteristics inO.icates 

, that the characteristic obtained is accurate. 

6.4 CALCULATION OF EFFECTIVE OPTICP..L PARAMETERS 

We assume that the amplitude corresponding to the reflected light intensities 

we measure can be described by formulae similar to the Fresnel eQuations. Thus at 

normal incidence 

nh+ ikh -1 

nh+ ikh+ 1 

either the a- or b- crystallographic axis. By making certain assumptions 

(whose validity cannot be easily checked) it is possible to show that in fact, 

formulae like.(l3) hold for the normal incidence reflectivity from the (001) tace 

ot anthracene [see Appendix cJBut the quantities appearing in these formulae are 

not easily interpreted 1n terms of the more standard optical constants. The quan­

tities nh and kh appearing in (13), however, are easily interpreted in terms of 

assumption. They are merely real numbers which when substituted into (13) 

Yield the complex amplitude of the reflected wave. We make no attempt to find a 

theoretically between these numbers and the constants of optical trans-



The point of view we have adopted is reintorced by the work of Hopfield and 

Thomas [ 49] • These authors have examined very closely a problem similar to ours, 

and state: "-------this complication of the reflectivity spectrum does not reduce 

the utility of ellipsometric and Kramers4troning determinations of optical para-

meters-----~-since such measurements are related to effective optical parameters 

only, and have only an indirect theoretical connection to the parameters related 
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to optical transmission." Although the complication they discuss is that of spatial 

dispersion, the point they make is relevant. We shall be determining effective 

optical parameters. By indirect means, however, we shall be able to infer that our 

parameters bear a close analogy to the standard optical constants. 

Having assUJiled (13) and knowing that 

·e 
rh: jrhl e"" 

it follows that 

14 

1+ 1rh 12 - 2jrh} cos 9~, 15 
Since we know all the QUantities on the right hand sides of (14) and (15) as 

functions of ); , the calculation of effective optical parameters nh and kh follow~ 

immediately. These parameters are shown in figs 27 and 28. 
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6.5 INTERPRETATION .Q!. ~EFFECTIVE OPTICAL l1ARAMETERS 

Section 1 of this chapter contains a detailed description of the absorption 

spectrum of anthracene. This serves a two-fold purpose. It provides the spectrum 

required for the calculation of the fluorescence excitation spectrum which is to 

come later, and it also provides a yardstick against which we compare our opt;i.cal 

parameter kh• Obviously we want to show that this par~aeter is equivalent to the 

a- and b- components of.the imaginary part of the complex refractive index of 

anthracene. The imaginary part is of course the absorption index. Comparison of 
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our kh (figs. 27 and 28) with absorption spectra in 6.1 shows that they have exactly 

the same wavelength dependence. This is very encouraging. 

HOwever for identification of kh as the optical constant we need more than 

wavelength correspondence between the two_. We must show that our kh has the same 

magnitude as the optical 9onstant. Since this constant is not reported in the 

literature we use an indirect magnitude comparisono Equation (ll) shows how osc-

illator strengths are calculated for anthracene. We convert our sffective optical 

parameters to effective absorption coefficients « by 

• 4lt L 
c!h- ?;''Kh 

We can use Beer's Law and the data given in Chapter 1 to show that the molar ex-

tinction coefficient of anthracene is related to the absorption coefficient by 

G ( ~) : 0 · 0{,2 o< { ii ) 

Therefore we can convert our parameter kh to effective molar extinction co-

efficients and use equation (11) to calculate oscillator strengths. In this way 

we obtain for the first absorption band: 

The excellent agreement between these values and the mean reported oscillator 

strengths given in 6.1 shows that our kh parameter, in addition to having the same 

Wavelength dependence, also has· the same magnitude (within the limits of experimental 

error) as the corresponding anthracene absorption data. This being so it would 

' seem reasonable to conclude that our parameters nh bear a similar correspondence to 
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the real part of the refractive index. Therefore we have obtained the optical • 

constants of anthre.cene along the a- and b- crystallographic axes throUghout the 

entire near ultraviolet spectral region. 

6.6 ~ ~HRASUINONE ABSORPTION SPECTRUM. 

One of the conclusions we reached in the previous chapter was that a surface 

layer of probably anthraquinone forms on an anthracene crystal which is exposed to 

the action of light and air. In our investigation of the excitation spectrum we 

shall have to take into account this l~er. For this reason the absorption spectrum 

of anthraquinone, as reported in the literature, is reproduced in this chapter 

dealing with experimental absorption spectra. 

The spectrum has been measured by Sidm~ [3~ who gives details of the 

structure of the first electronic transition. Since this is a very weak transition, 

however, we shall ignore the structure. Also in [35] is an energy level diagram 

for the electronic transitions in anthraquinone from which we observe that the 

upper states are at 38 k cm-1 (log~ = 4.6), 30 k cm-1 (log E. = 4.0) and 23 k cm-1 

(logE= 2.0). 

Morton and Earlam [50] have measured the solution (alcohol) absorption spec-

trum of anthraquinone. Their result is shown in fig. 29. Also in this diagram 

are the three points corresponding to the Sidman energy levels. A smooth curve, 

following approximately the solution spectrum but ignoring finer details, has been 

drawn through these three points. We shall consider this smooth curve to be the 

' solid state absorption spectrum of anthraquinone. It ·will be used in certain of 

the calculations of the'anthracene fluorescence excitation spectrum. 
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CHAPTER SEVEN. ~ PBOTOCONDUCTIVIT¥ EXCITATION SPECTRUJ!II .Q!'. .;.;;AN=T=HRA=C....,ENE.......,... 

?.1 INTRODUCTION 

The photoconductivity and fluorescence excitation spectra of several sub-

stances are knovm to be related. We shall see that this is true also of anthracene·. 

Therefore, since the photoconductivity of anthracene has been widely investigated, 

while the fluorescence excitation has received much less attention, we summarise 

certain results and theories obtaining to the photoconductivity~ This will assist 

in our interpretation of the fl\l,orescence excitation spectrum. 

?.2 EXPERI1ffiN~~ METHODS 

The method most often used for measuring the photoconductivity of anthracene 

has been the direct method in which two electrodes are attached to the ill~~nated 

crystal and the conductivity measured in the normal way. There are two variations 

of this method: the photoconductivity can be measured with either a sandwich or a 

surface cell. In the former the electrodes are on opposite sides of a crystal 

usually about ljlO inch thick. The current must flow through the bulk of the crystal. 

In the surface-type cell the two electrodes are on the same crystal surface and 

are separated by a gap o~ one or two millimetres. 

These two different cells have on many-occasions been observed to give dif-

ferent results. One of the reasons for this is the fact that the surface has been 

shown to play a leading role in the formation of charge carriers.in anthracene. 

Therefore it is important to know which type of cell has been used when evaluating 

an experiment. Another reason for the difference in results, not only between the 

two methods but between different experimenters using the same method is that anthra-

cene is a veX7 good insulator. Thus the direct measurement approach is found to be 

marred by electrode and space charge effects. 

Pulsed photoconductivity techniques [51] have eliminated both problems since 

electrical contact with the crystal is not required and the quantity of charge in-

t~ Volved in the experiment is so low that a significant space charge cannot be set up. 

\The anthracene phot0conducti vi ty as measured directly is found to be of the order 
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lo-14 obm-1 cm-1 but less than lo-17 obm-1 em-~ by pulsed methods. 

The pulsed method consists simply of transmitting a pulse of li~ht usually 

about 1 rsec long through semi transparent electrodes. These electrodes are gener­

ally not in electrical contact with the crystal. They provide a field of the order 

lKV.cm-1 which causes the charge carriers produced in the crystal by the light pulse 

to drift. This drift results in a redistribution of charge in the external circuit 

which can be observed on an oscilloscope. The experiment provides an accurate det­

ermination of the number and drift mobility of the carriers. 

7.3 ~.EXCITATION SPECTRU11 

Despite earlier variations (introduced mainly by electrode and space charge 

effects) most workers now agree that the relative quantum efficiency for the pro­

duction of carriers as. a function of the exciting light follows closely the absor­

ption spectrum of the crystal. This spectral dependence has been accounted for by 

Lyons [52] by assuming that photoconduction is a surface phenomenon: Initially 

light is absorbed in the crystal and an exciton formed. This exciton diffuses 

throughout the crystal, and if it reaches the surface will produce a charge carrier 

there. The average distance of the point of origin of the exciton from the surface 

is determined by the wavelength of the exciting light. Thus for a wavelength which 

is strongly absorbed excitons are formed near the surface, have a high probability 

of reaching the surface and we observe a high photocurrent. Thus the similarity 

between the excitation and the absorption spectrum. 

Steketee and de Jonge [53] adopt the hypothesis that excitons diffuse to the 

crystal surface where charge separation takes place. They then solve the same 

diffusion equation as Simpson (Chapter 4.6) but with the boundary conditions deter­

mined by the assumption t~t all excitons reaching the surface decay there. The 

Photocurrent is assumed to be directly proportional to the exciton flux through 

the interface between the positive (illuminated) electrode and the crystal. The 

theory then shows that the photocurrent should be proportional to the absorption 

· coefficient. This is observed experimentally. From their experiments with a 



sandwich cell, and the above solution of the d~ffusion equation they estimate values 

of the mean free diffusion path ( D t' ) l/2 of an exciton ranging from 700 to :2000A 

" 
for different crystal specimens of anthracene. Since the length of the diffusion 

path iArill depend critically on the amount of impurities in the crystal, the varia-

tion from crystal to crystal is not unexpected. 

7.4 EXCI~DN-EXCITON INTERACTIONS 

The above explanation of photoconduction in anthracene assumes that charge 

carriers are formed by the interaction of excitons with the crystal surface. There 

is, however, a body of experimental evidence which suggests that the photoconduct-

ivity is not entirely a surface phenomenon. In particular several experimenters 

have measured a small bulk photocurrent• A possible explanation for this is found 

in the suggestion of Northrop and Simpson [54] that exciton-exciton interactions 

can lead to carrier formation. 

Experiments performed by Silver et al [55] have been interpreted by them in 

terms of the suggestion of Northrop and Simpson. These experiments show that if 

exciting light is used which is weakly absorbed then the photocurrent is propor-

tional to the square of the intensity of the light (as it would be for the bi-

molecular exciton-exciton process) and that the rate of carrier generation is in 

agreement with that calculated by Choi and Rice [56, 57] for this process. For 

strongly absorbed exciting light a unimolecular process must occur since the photo-

current is now found to be linearly related to the light intensity. This has been 

Widely observed. 

For our purposes we shall assume that strongly absorbed light produces 

excitons very close to the surface so that an exciton-surface interaction is dom-

inantly responsible for the photocurrent. Weakly absorbed light produces excitons 

throughout the crystal nearly uniformly and few are able to reach the surface. The 
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smaller photocurrent observed will be primarily the result of exciton-exciton inter-

action. Normally the two processes will be mixed.· The reabsorption of fluoresc.ence 

Will tend to enhance this mixing. 
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7. 5 ~ EFFECTS Q! IMPURITIES, DEFECTS l:E.Q GASES 

Northrop and Simpson [58]find that impurities which quench the fluorescence 

of anthracene greatly reduce the photocurrent, but that an impurity which leaves the 

fluorescence unchanged has no influence on the photoconduction. Alpha-particle 

bombardment [59], neutron bombardment [60] and abrasion [34] reduce both the photo-

conductivity and fluorescence efficiencies. 

From experiments like these in which like effects are noted on the photo• 

conduction and fluorescence excitation, Compton et al [60] conclude that these two 

phenomena are competing processes in the disappearance of the exciton. They suggest 

that the exciton disappears at a molecule located at a dislocation and that both 

the incorporation of impurities.and extensive radiation localise the exciton and 

produce internal quenching of both the anthracene fluorescence and photoconductivity. 

It has been demonstrated that the photoconductivity increases in the presence 

of gases which are e.lectron acceptors (e.g Oz), decreases when the ambient gases . 

are electron donors [ 61] • The behaviour in t.he presence of oxygen has been widely 

observed. It is found that if, after the increase is observed in the presence of 
-

oxygen the crystal is placed under hard vacuum, the photocurrent returns to its 

original value. This indicates that the increase is due to an interaction \rlth 

adsorbed oxygen molecules. It also indicates (and this has been d~duced from other 

experiments as well) that the majority carriers in anthracene are holes. 
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CHAPTEH EIGHT EXPERI1mNTAL FLUORESCENCE EXCITATION SPECTRA 

8.1 DEFINITION Q!~ EXCITATION SPECTRUM 

The relation 
. . . - 1 ~ 

has been used by Weber and Teale [62] to describe the intensity of fluorescence 

reaching their detector in an experiment in which a fluorescent solution is illu-

minated vd. th light of wavelength :>. and intensity (after allowing for reflection 

loss)!(~). A(A) is the fraction of light· absorbed by the solution, "',()j) is the 

quantum yield for the same wavelength and t\ is a constant determined by the de-

tector and experimental conditions. If instead of a solution we usa a large (~ 

1 cm3) crystal of anthracene as the fluorescent substance, then for exciting wave-
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lengths between 220 and 400 mt all the light entering the crystal is absorbed there, 

so that A(~)=l for all wavelengths considered. Therefore if 1='(>-) and l{l\) are 

measured, the ratio !=(l.Y!CA) = h. "l {I\) which we shall call the relative quantum 

efficiency, can be found as a function of wavelength. 

The relative quantum efficiency is closely related to the fluorescence -
excitation spectrum which we shall define as 

f:'t ( >.) = ~ ().)/I I (A) .. - - - 1'1 

where l'C>.) = !(">.)+ v{") and '1'(:>.) is the intensity of the light reflected from the 

crystal surface. We define the excitation spectrum in this way because all the 

experimental determinations of the spectrum have ignored reflection at the crystal 

surface. 

8.2 EARLIER SPECTRA 

The fluorescence excitation spectrum of anthracene for exciting wavelengths 

.t between 220 and 400 mp. is reportadby G. T. W~ight [63,64] 
~- . 

and for vacuum ultra-

.. Violet excitation by Driver [65]. Fig. 30, taken from [63] shows three excitation 

'' spectra • .All three curves are for excitation of the (001) 
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200 2 0 300 3SO k-00 

EXPERIMENTAL FLUORESCENCE EXCITATION SPECTRA 

FIG 30 VARIOUS SURFACE CONDITIONS FIG 31 SCRAPED SURFACE 

cr,rstal face: (i) freshly cleaved glass smooth surface; (ii) freshly cleaved ir-

regular surface; (iii) polished surface aged for several months-the ordinate scale · 

for this curve has been increased threefold. 

Fig. 31 is taken from [64] and is the fluorescence excitation spectrum of a 

freshly cleaved anthracene crystal which has had the illuminated surface scraped 

with a clean razor blade to produce a translucent appearance. 

The excitation spectra of figs. 30 and 31 have all been measured in trans-

mission i.e. the detector is situated so that it measures the fluorescent light 

flux which is transmitted through the crystal surface opposite to that illuminated. 

Comparison with the crystal absorption spectrum shows that maxima of excitation 

occur at very nearly the same wavelengths as minima of absorption. The excitation 

. spectrum is therefore the inverse of the absorption spectrum. we also observe 

that both aging and damage (the .cleaved irregular surface of case ( ii) of fig. 30) 

cause the fluorescence intensity to drop markedly while at the same time the structure 

in the spectrum becomes more pronounced. These efi'ects have been explained by G. T. 

Wright [63] in terms of self absorption of fluorescence, surface escape of fluore­

scence and spectral variations in the absorption coefficient of the crystal. 

In this way G. T. Wright argues that the fluorescence transmitted through the 
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crystal should be higher for the lower absorpti0n coefficients, giving the inverse 

relation to the absorption spectrum. The decrease in fluorescence intensity for the 

da."Uaged or irregular surface is ascribed to the enhancement of surface· e:sca:pe of 

fluorescence for such a crystal. The very low efficiency of the fluores'cence of an 

aged crystal is thought by G. T. Wright to be caused by chemical deterioration 

(:probably oxidation resulting in the formation of the photo~oxide and anthraquinone) 

producing in the surface molecular layers impurity molecules capable of quenching 

the anthracene fluorescence. 

8. 3 MEM3U'rtEMEL\TT 1.li TRANSMISSION :ffifQ REFLECTION 

The instrument used for making the reflectivity measurements was found to be 

capable of yielding fluorescence excitation spectra in both reflection and trans-

mission. I·~ was :possible to perform experiments with this apparatus which have been 

extremely useful in analysing both the excitation spectrum and its variations • • 

Radiation incident at an angle of 25° was allowed to fall.on the (001) face 

of the crystal. The relative positions of the probe for the reflection and trans-. 

mission measurements were normal to the {001) surface but on opposite sides of 

the crystal. 

To start with both front and back (001) surfaces were freshly cleaved. The 

results of measurement of ~(~)are designated OCR (cleaved, cleaved; in reflection) 

and COT for the reflected and transmitted intensities respectively. Incident in­

tensities I(A)were found by lowering the c~;stal and taking readings as described 

in Chapter Five. 

Next the rear surface of the crystal was polished gently vnth soft tissue 

paper, so that the glas.s smooth cleayed surface became cloudy. Results obtained 
' 

are labelled CPR (cleaved, polished; in reflection) and CPT• l' ( >.) was remeasured 

and found to be virtually unchanged from the previous measurement. 

The front surface of the crystal was ~hen polished with tissue paper, so 

the resulting spectra were PPR and PPT. 
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Finally the rear face of the crystal was cleaved, giving spectra PCR and 
• 

PCT. 

F (~11'(1\) was :plotted against ). for values of the wavelength ranging from 

·220 to 340 my. , and 390 to 400 m)A • The results are shovm in fig. 32 for reflection 

and fig. 33 for transmission. The wavelengths 340 to 390 rry;. span the region where 

the sensitivity of the apparatus varies rapidly and in this region the values ob­

tained fori(~are not a true indication of the incident light intensity relative 

to the fluorescent intensity. To overcome this difficulty ratios ofF(~were 

plotted against ~ • Each of the ratios had as denominator the CC values of fluor-

escence intensity so that the variation in this intensity for the polished crystal 

relative to the cleaved crystal could be observed. In fig. 34 we have ratios of 
CPR ITR PPR 

reflected fluorescence intensities CC , CC , CC and in fig. 35 ratios of trans-
CP T EE T E.9. T 

mitted fluorescence intensities CC , CC , CC • The dotted curve in fig. 35 is 

the fluorescence e:x.ci tation sp~ctrum of G. T. Wright which has already been repro-

duced in fig. 31. It is included here for purposes of comparison .. 

8. 4 INTERPRETATION 

(a) Reabsorptio~. It can be seen from figs. 32 and 33 that when the face on 

which the incident light falls is freshly cleaved, the excitation of fluorescence 

is roughly constant between 220 and 340 my- (spectra CC and CP). In the case of 

reflection there is a slight decrease from 220 to about 295 m~ after which the 

excitation is very nearly constant. For transmission the excitation increases very 

gradually at first, and is then approximately constant. Therefore where the ex-

citation increases in transmission it decreases in reflection. This is possibly 

a reabsorption effect. Where the absorption coefficient of the crystal is high the 

molecules close to the illuminated surface are excited. Therefore the fluorescence 

observed in reflection is less likely, on the average, to have been reabsorbed than 

that in transmission. Since reabsorption tends to decrease the level of the output 

fluorescent intensity, it follows that for the high absorption coefficient the 



S" 
~="e. 

4 ~------_i:~R 
~-(c.R 

3 
CPR 

- --rPCR C<R\ -~ ----
---...___ - -· 

2 
_ PPR f>C R\~ 

FIG- PPR~ 
\ 

1 32 'A 'Wt, 

22 0 300 400 

CP-

1· 0 l./""---------fS---~ 
Euil:a~ion 'Ratio1 

0·8 

0·4 

FIG 
0·2 3 5 

220 300 400 

2·5 ~ 

t-5 

0-~ 

300 400 

PP l 
~ 
___..--/--- \ 

ccT~-
R 

- C.P 

·----·---cc R 1·0 -------

[)t.caa.ito'Vl. Ratios 

0-{, 

0·4 

0·2 ~ 
22 0 300 

0·1 

0-6 

Nl 0·5 __ :....__,_A_"i'n~'-J4-
34-0 370 400 

>.. 'lnr 
LIOO 



64 

transmitted intensity is likely to be relativety lower than the reflected intensity. 

As the absorption coefficient decreases this trend will tend to reverse itself. 

Therefore we should observe, when reabsorption is the dominating process that the 
' 

reflected excitation curve resembles the absorption spectrum, the transmitted the 

inverse absorption spectrum. This is clearly, however, a small effect. We see 

from figs. 32 and 33 that the reflected excitation has a minimum at 285 mp and the 

transmitted excitation a maximum at 283 m]4. Anthracene absorption has a ver,r mark­

ed minimum at 283 m!- • This supports the view that the slight structure in the 

excitation spectrum of a freshly cleaved cry:stal between wavelengths 220 an~ 340 m.r 

is due partly to the reabsorption of fluorescence. · We note that this cannot be 

influenced by reflection losses since the reflectivity minimum corresponding to the 

absorption minimum at 283m;- occurs at 340 m.f' • 

(b) Reflection. The long wavelength end of the excitation spectra of G. T. 

wright all show a structure which is the inverse of the absorption spectrum. As 

the surface of the cr,ystal ages or is scratched or polished this structure becomes 

more noticeable. This we interpret as an increased likelihood of trapping of the 

exciton at the surface with consequent non-radiative decay and decreased excitation 

efficiency. However no matter how freshly or cleanly the surface is cleaved this 

inverse relation to the absorption spectrum is always observed. 

We remember that reflection losses have not been taken into account when 

measuring these spectra and that reflection follows almost exactly the wavelength 

dependence of absorption when the latter is strong. In the next Chapter, one of 

the first calculations we perform is that of a long wavelength excitation spectrum 

allowing for reflection losses. Essentially all we do is subtract the reflectivity 

from a constant quantum efficiency of ~luorescence excitation. The result is shown 

v in fig. 3'7. Also plotted there is the corresponding measured e:x:ci tation spectrum 

of G. T. Wright for a freshly cleaved crystal. The excellent agreement shows that 

our interpretation of the freshly cleaved ~ong wavelength structure as a reflection­
:?-
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loss effect is correct. It shows also that e~rlier workers were wrong in assuming 

that the reflectivit.y ~auld affect the excitation spectrrun but little. 

There 1qill alw~s be, of course, some defects and impurities at the surface, 

with the associated exciton trapping. At shorter wavelengths where there are 

very large changes in the absorption coefficient, this effect together with reab-

sorption seems to dominate the reflection-loss mechanism even for freshly cleaved 

crystals. In this region then, the simple reflection loss theory alone cannot 

account for the spectral variation of the excitation efficiency. 

(c) J!lg;tii valence .2.f. Reflection ~ Transmission Spectra. The PP and PC 

spectra of figs. 32 to 35 show that when the front surface of the crystal is polish-

ed, the excitation spectra have the same appearance whether measured in reflection 

or transmission. This new result was quite unexpected in view of G. T. Wright's 

sta~ements that polishing enhances the escape of fluorescence through the surface, 

producing the observed drop in (transmitted) intensity associated with polishing. 

This escape mechanism would yield reflection and transmission excitation spectra 

which are the inverse of each other. Our experiment was repeated many times to 

verify the unexpected result. On each occasion exactly the result reported above 

was obtained. 

Probably the most characteristic feature of these spectra is the very pro-

nounced peak which appears at 283 m~ • This is the absorption minimum of anthracene . ' 

. ,. 
~·~ 

' 

in the near ultraviolet. At this wavelength excitons are formed well within the 

crystal and have little chance of diffusing to the surface. Thus few are trapped 

and a high efficiency of excitation is observed. In fig. 36 the similarity be­

tween the PC/CC T ratio and G. T. WrightB excitation spectrum shows further that 

polishing the front surface of the crystal is largely responsible for the inverse 

absorption relationship • 

(d) Decrease l!!, Intensij;y. It is also very noticeable from figs. 32 and 33 
t 

t .. ~.-... ··· .. , ..•.•...•.•. ,. :hha
8

tclpeoalviesdbinvaglutehse. front surface reduces the fluorescent intensi t.y markedly from 

." u We have seen that surface ~brasion enhances the formation of 
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probably anthraquinone. It also produces defeyts and it is possible that it enhances 

the adsorption of ozygen molecules. The latt·er are known to increase the photo­

conductivity and therefore presumably decrease the fluorescent intensity. The en­

hanced interaction of the exciton at the surface could be due to the increased quan­

tities of oxide, oxygen molecules or defects~ Although we cannot say how effective 

each of these agents is, it is nevertheless possible to explain the decrease in 

intensity by the increase in exciton trapping cross-section which the presence of 

these agents brings about; 

(e) ~ ~uantum Efficiency. That the above drop in fluorescent intensity is 

due to true quenching and not to absorption of incident radiation by a non~fluore­

scent l~er of anthraquinone or other oxide is shown by a study of decay times. 

Tne g_uantum efficiency is proportional to the dec~ time of fluorescence, and 

measurements which we shall discuss in the next Chapter show that there is a de­

finite decrease in the fluorescence decay time associated with this drop in inten­

sity. Therefore the g_uan tum efficiency has dropped and we have i;rue quenching. 

We denote the molecular quantum efficiency by g_. This quantity is found to 

be a constant independent of wavelength and has a value 0•94 [66] • It is not 

possible to measure the quantum efficiency of an isolated molecule so that the 

quantity g_ refers to an extremely thin flake of the material. By extremely thin 

is meant that reabsorption effects are negligible. The effect of reabsorption of 

fluorescence is to decrease the quantum efficiency to a value 0•80 for a thick (lcm) 

crystal. This value we. call the crystal quantum efficiency ~. We have seen, how­

ever, that the efficiency is highly dependent on the condition of the crystal sur­

face. When we allow for exciton trapping the quantities q and~ ~ill be designated 

by g_' and ~, respectively. Both g_' and ~' vdll be functions of the exciting wave­

length. Since exciton trapping is a crystal property q,' (~) "is not strictly a mole­

cular quantum efficiency, but for consistency of terminology we shall refer to it 

as the "molecular" quantum efficiency. This quantity is introduced only because it 
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is a concept which will be useful in the theory developed in the next Chapter. 

(~) Depth£! Exciton Penetration. Figs. 32 and 33 show that when the front 

·~ 
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face of the crystal is cleaved and the rear face polished, the fluorescent intensity, 

far from being reduced from its CO value, is in fact enhanced both in reflection 

and transmission. .This can also be seen from figs. 34 and 35 where the ratios 

cpjcc R and T are slightly greater than unity for all wavelengths. If the quenching 

of the fluorescence when the front surface is polished is due to the diffusion to 

and trapping at the surface o~ excitons, then the lack of an intensity drop for CP 

fluorescence indicates that the exciton is unable to traverse the thick crystal, 

even by the process of reabsorption and re-emission of fluorescence. The actual 

enchancement of CP fluorescence is difficult to understand, but since it is small, 

may be an experimental error. 

Fig. 36 demonstrates an effect the depth of exciton formation has on the fluor-

escence. For low values of the absorption coefficient the exciton is formed well 

within the crystal. But we have just seen that the exciton has a limited range. 

Therefore the situation arises that these excitons have a small probability of 
. 

reaching the surface. Under these conditions the fluorescence characteristics of 

thepolished crystal should approach those of the cleaved crystal; among other pro-

perties the ratios of transmitted to reflected :fluorescent intensities should 

approach. In ~ig. 36 we have plotted PP TjR. These curves come together just 

before 400 m)A- and also approach at 283 rnr - both regions 0~ low absorption. 
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CHAP'l'ER NINE~ TriEORETICAL FLUORESCEN(JE EXCITATION SPECTRA 

9.1 REABSORPTION ~REFLECTION 

We sb$11 use equation (16) as the starting point of this theoretical invest-

igation into the fluorescence excitation spectrum of anthracene. Since we have 

decided that q shall be the molecular quantum efficiency in the absence of quenching, 

this equation is an expression for the molecular fluorescence intensity of the pure 

substance reaching the detector i.ev no allowance is made in this equation for either 

quenching or reabsorption of fluorescen.ce. To emphasise the latter aspect we shall 

re-write the equation using not 1= (-:.) but r0 (>.) to show that the fluorescence output 

under consideration is' that associated with the light init~lly absorbed in. the 

crystal. In addition we assume a perfect detector and total absorption of all light 

initially absorbed in the crystal, so that (16) becomes 

- - - - u 
Of the fluorescent output f0 (>.) an amount ~ fo ()!) is reabsorbed, which results 

in the further fluorescent output ~. p ~0 (1>.) • The process continues so that of the 
. 

new fluoresc.ence 1,· ~Fo (>.)vie have P· ~ ~ 'F0 (>.) reabsorbed, and so on. This treatment 

assumes both p and q to be independent of the number of times reabsorption and re-

emission occurs. 

The fluorescence flux Ft~) which escapes the crystal to be observed is the 

sum of all the fluorescence emitted minus the sum of all the flux which is reeybosrbed: 

fr { )\) :: - - - 19 

p and q have been determined experimentally by Wright [66] and Birks and Wright [ 6?] 

to be 0.?6 and 0.94 respectively. Combining (18) and (19) we get 

.. - - - 20 
which is the semi-infinite crystal equivalent of the form (18) so that the pure 

crystal quantum efficiency Q. is 0.?9. If we use (20) in (1?) we obtain 

·---21 



where Fe (>.)is the fluorescence excitation spectrym and R (") is the reflectivity. 

According to this theo~J the structure in the excitation spectrum of a pure sub-

stance in which all the light entering the crystal is initially absorbed, is due 

to the variation of the reflecting power of the crystal with wavelength~ In order 

to calculate ~(~)we need know only R(~)which we obtain from Chapter Five. fe(h) 

calculated in this way is shown if fig. 3? for wavelengths 340 to 400 ~ • Also 

shown is the experimental result of G. T. Wright for a freshly cleaved crystal. 

The agreement between the two curves is good enough to show that the theory deve-

loped thus far is essentially correct. At lower wavelengths the agreement is not 

-nearly as good. We shall therefore include exciton surface-trapping to account for 

the appearance of the complete spectrum. 

9 •. 2 EXCI'l'ON 'l'RAPPING 

For the purposes of the calculation we no longer think in terms of the flux 

of the fluorescent .light but in terms of the number of exci tons:·:, if:hich decay rad-

iatively. The proportion of the fluorescent flux reabsorbed now becomes the pro-

portion of photons reabsorbed to form new excitons, and so on. Thus we have zero 

order,first order, second order, ------- excitons, and we req_uire to know the 

:proportion of excitons belonging-to each order which will be trapped at the sur-

face. 
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Let us assume that the fraction of exci tons from any one order which is trapp- . 

ed in this way is w. Obviously the proportion trapped will depend on the distribu-

tion of excitons within the crystal and this in turn on the wavelength of the light 

producing the exci tons. We shall assume that the distribution in depth of' exci tons 

is the same for all orders of exciton caused initially by a given wavelength of the 

incident radiation. Since the number of excitons in an order drops off rapidly as 

; the order increases ana since we have already commented upon. the inability of the 
~· 

('·· exciton to traverse the t.hi ck crystal, the crude approxir.o.ation of assuming the 

l same distribution for all orders seems justified. Certainly the theory would be­

'll Come Ver.? difficult if we were to attempt to find t4e exact distribution of excitons 
-~ 

• I 
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for eachorder. 

The trapping of a fraction w (>.)of our exci tons ·will lead to a decrease in 

~he quantum efficiency of fluorescence, and clearly the new "molecular" quantum 

efficiency q' will be 

- - ~ - 21 

By running through the same argument as before we can arrive at an equation anal-

agous to (19): 

F'<") = ~·c~>l<>-> ~~~~c"> = Q' (>-)I(>-) - 23 

In o~der to be able to calculate the fluorescence excitation spectrum from (23) we 

- , need to know ! (1\) as well as ~(A.) or w p,). Since exciton trapping is taking place 

it is possible that the reflectivity can vary as the degree of trapping changes. 

·we use the results of Chapter Five to correct I (>.)for the various reflectivities 

RO .. ) • 'In addition we shall allow for absorption of part of the incident radiation 

in a surface layer of anthraquinone. 
I 
~(~)Will be obtained from a calculation of 

the probability W('A) that an exciton diffuses to the surface of the crystal and is 

trapped there. 

9. 3 PROBJl.BI.LI'l'Y .Q! EXCITON 1?D]•'USION .!Q. .Tiili. SUHFACE 

We know that molecular excitons move from molecule to molecule within the 

crystal. In addition they may be scattered by phonons, point defects, dislocations 

and impurities. Their motion is therefore diffusive. We have also seen that in 

anthracene a typical exciton averages 105 '~'~jumps" from molecule to molecule. The 

diffusion process can therefore be treated as a random walk. Furthermore we are 

interested in the front surface only, as a region of exciton absorption. We resolve 

each step of the walk into three components, one perpendicular to the plane of the 

\: front siJ.rface ( x-direction) and two others in the plane parallel to the surface, the 

l three components being mv.tually perpendicular. Therefore the excitons can reach the 

l front surface via the x-component only. The components parallel to the front su:r-
l ,.., .p 

~- .~.ace cannot bring about a~sorption by this surface. The other crystal surfaces 
;:· 
;,~;~": ' 

./'~: 
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are not,considered because the exciton cannot-traverse a thick crystal, so we regard 

the crystal as being semi-infinite. Thus we reduce our random walk to the one-

dimensional case. 

Follo·wing Feller [68] we consider the motion of a variable point or 11particle" 

on the x-axis. At time 0 this partial~ is at its initial position z, and at times 

1, 2, 3, ------ it moves a unit step in the positive or negative directions. We 

assign equal probabilities to these two directions. The motion terminates when the 

particle for the first time reaches z ~ 0, so that our particle performs a random 

walk on a semi-ini'ini te straight line vri th an absorbing barrier at the origin • 

. l!'eller gi-ves the probability w( z,n) that the particle, initially at z > 0, will be 

absorbed at exactly the n-th step as 

W(z,~) : ~ ( ~ l:-a) ) . ~~ 
Chandrasekhar. [69] shows that for n large and z -'< n, ( 24) can be vvri tten 

. z. _;_ 'Ia z. 2 
W(Z/1):: n (1'\n) . €l(.p (- z; ) · - 2) 

I1' instead of z we introduce the net displacement x as a variable: 

X :: '1. Q and n = Tft · 

where J.. is the length of a step and T is the time taken for n steps so that t is 

the mean time per step, then from (25} the probability per unit time of excitons 

being absorbed at 0 from the point x at the time T is 
i1. I · it 2 

a.(x, T) = T 2 (n 1>T )"a e~p (- 4Df ) - - - - 26 

where- D :: 1.. £?. 
zt - - - .. 27 

The number of excitons formed at any. point x ~~11 depend on the intensity of 

the incident radiation at that point. Since this intensity varies as ex~(- ctl(.) , 
- Cl,)t. 

a fraction ~ e ~~ of all the excitons is formed between x and x + 6l4 

Therefore the time rate at the time T at which excitons are absorbed at the surface 

from. the region X to X+ S~ is 

Since the excitons have a finite average life-time ~ before they decay radiatively, 
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the fraction (probability) of the exci tons formed within the crystal which eventually 

reaches the surface is 
~ eo . 

w(ct) = J J a. (~t, T) "'( e~p (- c~x) &~ dT 
0 0 

- - - - 28 
Putting (26) into (28) and integrating 

w (0\) :: I - ct.~ r ( ~2 D l') erfc (~ ~) - . -- 29 

In order to calculate w (e~) from ( ~9) we need to know ct{;;,) , D and 1:' • We can 

find « from the absorption spectra of Tanaka or Bree and Lyons which are redrawn 

in Chapter Six. -The quantity (1>"4 )1h which appears in (29) is the diffusion length 

L which in Chapters Four and Seven we found to range between 400 and 2,000 A. We 

assume a convenient value of 1,000 A for our-calculation of \N(~) 

9.4 EXTENT Q! EXCITON TRAPPING 

Before we -proceed vli th the calculation of W(e!) we remember that we have as­

sumed exciton propagation in the crystal to be isotropic, but Simpson [31] has shown 

that this is not true. Our particular direction (perpendicular to the (001) plane) 

is known to be a direction which is not favoured. In addition our choice of L is 

to some extent arbitrary. To allow for both of these factors we shall use the kno~n 

decay times to estimate the magnitude of the effect of exciton capture and then ad-

just our calculated values of W(«) accordingly. The adjusted values we shall call wa.(((). 

Hov1ever we cannot yet identify wo.(«) with w(x) of equation (22) since (29) 

was derived assuming that every exciton reaching the front surface is absorbed, but 

(22) includes the case where the concentration of trapping centres is so low that 

it is possible for an exciton to travel to the surface and not be trapped there. 

];or a perfectly trapping surface W(>.}Would eq_ual wa, ( ~) but under any other ~ircum-

stance wt;x) is smaller than Wa.(~) Therefore we write 

- - - - 30 
where the proportionalit~ constant k runs from 0 to 1 and is a measure of the trapping 

cross-section for excitons at the surface. 

We now attempt to estimate the magnitude of wo.(~) from decay times. In the 

measurement of the decay time of the fluorescence of anthracene crystals it is 
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unavoidable that part of the fluorescence be re~bsorbed. The effect of this reabsor-

ption is to increase the decay time. Thus when no reabsorption of fluorescence and 

no exciton-surface-trapping takes place the molecular decay time ~m is obtained. 

This becomes when trapping occurs. For a thick crystal reabsorption takes 

place and the decay times increase to ~, and t~ corresponding to the cases of no 

trapping and trapping respectively. Birks [70] has derived the following relation 

between ~..., and t, : 

't' :: 
' 

?: 
""' -

Taking exciton trapping into consideration we have derived 

7; I : 
e 

?:' 
WI 

In addition ·we know that the molecular quantum efficiencies will be proportional to 

the life-times of the excited state: 
I 0 I 

"t rn /?:WI = " / ~ 
Combining the above three equations with (22) we get 

W(>.) depends on 

W(i\) : }-
"tc - P1 ( ?-, - ?:~ ) 

both.the wavelength of the exciting light 
·- ·- ---· 31 

and on the relative trap-

ping cross-section k. When k :-.; o we have no trapping at the surface and w (") = o as 

can be seen from both ( 30) and ( 31) since k = o implies When k = 1 we 

have perfect trapping and w('-) is identically wA(Ol.) We assume that an aged anth-

racene crystal i.e. one which has been exposed to light and the atmosphere for sev­, 
eral months, gives perfect trapping. For the aged crystal then, k = 1 and z; ;;; I 

?a.ged 
with w l ;\,) : w Q. ( cl.) so that (31) becomes 

w~ (ct) = - - - - 32. 
"l', - ~'l ( ~ - 'l"~ged ) 

we look for values of In order to calculate Wa.l~) from ( 32) and 1', in the 

literature. Several values of these decay times are reported but none is for mono­
~· 
t Chromatic light. Since 1" 1a.9 e~ is wavelength dependent we cannot use ( 32) to 
"' 
'··f frl·nomd a particular value of w ( il.) We can, however, obtain a general value oi' Wo.. 

ti (32) by using representative values of the reported decay times: ~ •• 24 n sec, 

·,ii 
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I 

"l"'a.sea -= 13 n sec. 'l'his gives wu.:: 0.'20. 

w(ct) was calculated from (29) using the value L = 1000 A. It was found that 

by adjusting the value of L to lower values, better agreement could be obtained 

with the general value WA. = 0.20. The value of L which gave the best agreement 

was L :: 300 A. The values of W(ct) calculated from (29) using L =- 300 A are there-

fore called Wo.. (Q\) 

9.5 C.~CULATION OF~ SPECTRA 
_, 

The total intensity of the light falling on our crystal is 1 ( >..) • At the 

surface this intensity is divided as follows: an amount Y().) i_p reflected, S().) is 

absorbed in a layer of anthraquinone which is present at the surface and the remainder 

I (A) enters the bulk material of the anthracene crystal where it is absorbed. 

Putting this information into U~3) and dividing through by I' (7-.) we get 

Q' (>.) If we put (30) into (22) and use the result with (23) it can be seen 

A' ( ') that an expression is obtained for \:t " in which the only unknown is the rel-

ative trapping cross-section k. We want to calculate spectra for which different 

degreesof exciton trapping occur. We can obtain three such spectra by choosing 

k = 0.1; 0.5 and 1.0. These values correspond to (i) a small degree of trapping 

such as might be found for a freshly cleaved crystal which has a small concentration 

of impurities and defects at the surface, (ii) intermediate trapping and (iii) per-

feet trapping - the aged crystal. We anticipate that these values correspond to 

the three excitation spectra measured by G. T. Wright which are sho\vn in fig. 30. 
I I I 

Thus we are able to calculate .Q,l , Q,5 and Q,lO corresponding to k = 0.1, 0.5 and 

1. 0 respectively •. 

The results of Chapter Five were used to make the reflection-loss cor-

rections appropriate to the three cases k-= 0.1, 0.5 and 1.0. 

The absorption spectrum of anthraquinone is shown in fig. 29. The 

thickness of the layer of anthraquinone is not knovv.n so that it is necessary to 



make an estimate. We note that at ). = 265 mf' , anthraq_uinone is highly absorbing 

(log' = 4.6) and since the impurity layer on an aged crystal is thought· to be con-

siderable, we assume that for such a crystal nearly all light of this wavelength 
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which enters the crystal is absorbed by the anthraq_uinone. At 265 mr R = 0.10 

approximately, so that we write 8( 265 my-) = 0.85. Putting this into Beer9 s Law 

together with log G: 4.6 we get that the procuct C of the concentration c and thick­

ness x of the impurity layer is c10 :: 2.0696 ~ 10-5 moles. em. li tre-1. C is the 

eq_uivalent surface density of the impurity. We have called the above value c10 be-

cause it corresponds to the aged crystal for which k = l.O. Fork= 0.1 and 0.5 

the equivalent surface densities are c1 = 0.1c10 and C5 = 0.5c10 respectively. 

Knovdng these densities as well as the absorption spectrmn (fig. 29) of the impurity, 

we are able to calculate the fractions 81 , 8 5 and 810 of the incident light which 

are absorbed in the surface layers of.the three cases. 

We now have all the information that is required to calculate excitation 

spectra from (33). 
1 I I 

We obtain three spectra F eV F e5 _and F elo· These are shown in 

fig. 38. 

220 300 400 

FIG 38. THEORETICAL F.LUORE8CENCE EXCITATION SPECTRA 

These spectra agree quite well with their experimental counterparts shown in 

fig. 30, except at very low wavelengths. This might be due to (i) the experimental 

difficulties experienced in obtaining reliable results in this spectral region (ii) 

. our assumption that the relative trapping cross-section depends on the· concentration 
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of' antbraq_uinone. We have seen that the trappi,ng could be due to adsorbed o:xygen 

or surface defects (iii) an overestimation of' the degree to which the surface layer 

absorbs the incident light. 

Therefore an additional excitation spectrum. was calculated from (33) using 

c1 and k : 0.5 i.e. fairly high trapping with low anthraquinone concentration. K(i\) 

in this case was taken to be the reflectivity of' the freshly cleaved crystal. The 

resulting excitation spect~~ is the dotted curve in fig. 38. This spectrmn is id-
I 

entical to F25 (X) at the longer wavelengths s.:ince anthraquinone is transparent 

there and has no effect on the incident radiation. At shorter wavelengths there is 

some difference though, the dotted curve resembline; fairly closely, considering the 

likely errors in the anthraquinone absorption spectrum we have estimated, the exp-

erimental excitation spectrum shmm in fig. 31. However this is not conclusive 

evidence that anthraquinone i.s not responsible for the trapping of'. exci tons but 

rather that we may have over-estimated the extent to which the surface layer absorbs 

incident radiation. 
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CONCLUSIONS 

It is shown that both ultraviolet irradiation and abrasion of the anthracene 

cr,?stal surface reduce the reflectivity, the latter process being far more effective 

in this reduction. The reflectivity of a crystal surface which has a very thick 

layer of oxides is shovm to be different from the true anthracence reflectivity. 

Analysis of the difference indicates that the oxide is probably anthraquinone. 

Effective optical parameters for a- and b- crystallographic axis polarisations 

of·the.incident light are obtained from the r~flectivity measurements. In the Thesis 

arguments are ~resented from which it can be inferred that the parameters are equi­

valent to the real and imaginary parts of the refractive index i.e. the optical con­

stants. To the best of the authorw s knowledge this is the first report of the optical 

constants of anthracene throughout the near ultraviolet. 

Experiments performed by the author and described in this Thesis indicate that 

the fluorescence excitation spectrtim of anthracene has its st~1cture determined prin­

cipally by the trapping of excitons at the crystal surface. The trapping, which is 

generally followed by non-radiative decay {quenching) is apparently enhanced by the. 

presence of impurities and defects. It might be that not both of these are active 

in. t;rapping. From the evidence it would appear more probable that the trapping is 

due to impurities, and that the most likely of the impurities is anthraquinone. 

By taking into account the absorption of part of the incident light in the 

surface layer of anthraquinone, specular reflectance at the surface and the knoi~ 

absorption characteristics of the crystal (including reabsorption of the fluorescence) 

the author is able to calculate Fluorescence Excitation Spectra. These agree well 

with the experimental spectra. This appears to be the first quantitative evalution 

of the fluorescence excitation spectrum of the anthracene crJstal. It represents 

a signal advance over previous qualitative explanations which used such concepts as 

surface escape of fluorescence. The experimental results in this Thesis show that 

it is very unlikely that such processes have any significant influence on the excit-

ation spectrum. 
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APPEi:TDIX A THE KRP~~-KRO~IG DISPERSION RELATION --- ·----~ 

The calculation o~ optical constants by the Price-Robinson method involves 

the Kramers-Kranig dispersion relation. Such a relation allows the real part o~ 

a complex function to be evaluated it the imaginary part is knovm as a function of 

frequency, or vice versa. The only condi tio:ri imposed upon the complex function is 

that it be analytic in the upper half of the complex frequency plane~ This is eq-

uivalent to assuming strict causality to hold. 

Toll [?1] defines a dispersion relation to be a simple integral formula re-

lating a dispersive process to an absorption process~ These are usually called 

Kramers-Kronig relations from the work of Kram.ers [72] who used the idea of a com-

plex refractive index defined under certain conditions of analyticity in the complex 

frequency plane to show that a signal cannot travel faster than c in any medium in 

which the dispersion relation is obeyed; and Kronig [73] who obtained dispersion 

relations for the dielectric constant and index of refraction~ Kronig [74] was also 

first to show that the dispe:~.~sion relation is the necessary and sufficient condition 

~or strict causality to be satisfied. 

Strict ·causality is defined by Toll generally as the condition that ''no out-

put·can occur before the input", or for particular physical systems--a scattering 

system-- as "no scattered wave can appear until the primary wave has reached some 

part of the scatterer", --a homogeneous refractive medium-- as nno signal can be 

transmitted faster than c." Toll then p~oves rigorously the logical equivalence of 

strict causality and the validity of the dispersion relations for the general scat-

tering system where the "output" function is a linear functional of the "input" fun-

ction and the connection between the output and the freely variable input is time-

independent. 

The Kram.ers-Kronig relations are seen to be very general and powerful tools. · 

However experimental investigations have revealed the possibility that the Kramers-

Kronig relations are not generally valid for the dispersion process in anthracene 



and related substances. The school of Brodin [7~, ?6, ?? ] measure dispersion curves 

by an interference method using a Jamin interferometer and absorption 

curves Rl~) using photographic and photo-electric photometry. They then apply 

the dispersion relation in the form which links n with k to obtain theoretical 

values of n from the eA~erimental k. Comparison between the theoretical and exper­

imental values of n reveals a disparity at low temperatures in regions of qbsorption 

intimately connected with the exciton. 

By taking into account spatial dispersion (the classical theory of dispersion 
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is based upon local dieletric behaviour which assumes implicitly that energy is tran­

sported· solely by means of electromagnetic waves. When there is an alternative means 

by which energy can be transported, such as excitons, we have spatial dispersion) 

Brodin and his co-workers develop a theory which gives the equations determining 

the absorption coefficient and refractive index of an electromagnetic wave in a crystal 

in the region of exciton absorption. These equations go over to the corresponding 

formulae of classical crystal optics as the temperature is increased or as we move 

tofrequencies other than those of the exciton absorption region. 

Hopfield and Thomas [49] develop the theory of spatial dispersion in the region of 

an exciton band for an exciton of non-infinite effective mass to obtain an exPression 

for the reflectivity in this region. They find a radical departure from the shape 

of reflectivity peaks expected from the classical theor>J, the most striking aspect 

of the new peaks being very sharp subsidiar>J spikes. These spikes are observed 

experimentally when the.temperature is below 20° K. Above this temperature there-

flectivity is that which is expected classically. 

It is the above work which led to the observation by HOpfield and Thomas on 

the utility of Kra~ers-Kronig relations near sharp exciton dispersion peaks which 

we have quoted in Chapter 6.4. In addition to the fact that we are satisfied v.ri th 

obtaining effective optical parameters, we emphasise that spatial dispers~on intro­

duces complications only at very low temperatures (we work at room temperature) and 
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over a very restricted frequency region (our measurements cover a frequency range 
• 

much wider than the narrow long wavelength exciton band}. Therefore we are satisfied 

that the Kramers-Kronig relation can be meaningfully applied in our case. 
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APPENDIX B ON- TBJi:: SOLUTION OF EQUATION ( 12) -- -. -
The solution of -equation (12) to yield the phase () (ii) is a long and tedious 

numerical exercise. The method of solution we have chosen is that of Bode [47]. 

It is clear that the reader should be familiar with Bode 9 s method Ln order that such 

things as the correction to the phase which is made in .Chapter 6.3 might be more 

readily understood. Rather than give a detailed des~iption of our part-

icular solution, however, we consider it sufficient to discuss the application of 

Bodevs method to equation (12) in general terms. 

1. The reflectivity R( = frj2) is converted to and a curve of 

plotted. The negative sign is used for convenience in 

plotting. Such a curve is of course dravm for each of the spectra Ra and Rb. In 

what follows we shall not refer to these a- and b- spectra individually~ but ob-

viously (12) is solved once for a- and then again for b- polarisation yielding 6a (~) 

and respectively. We call the log-log plot the real characteristic, the 

phase e the imaginary characteristi,c. 

2. In theory it is necessary to know over all wave numbers from 

In practice need be known only over a range somewhat 

greater than that of interest. The extension of the reflectivity R to wavelengths 

beyond the near ultraviolet (our range of interest) is described in 6.3. The error 

introduced by not knowing at extreme wave numbers is negligible. 

3. The log-log plot is now approximated by straight lines. According to Bode it 

is usually sufficient, 'in choosing the set of straight lines, to represent only the 

major trends in the real characteristic. This is the result of the relation (12) 

between real and imaginary components involving a smoothing out or averaging out of 

the real characteristic. If the :major trends are correctly represented, therefore, 

the imaginary characteristic~ corresponding to the true real characteristic and to 

the straight line approximation to it should be much :more nearly eq_uP--1 than are the 



82 

tr..1e al.ld approximate real characteristics themselves. 
'· 

4. We denote the separation of the ordinates of the m-th straight line segment in 

the above approximation by ~ ne:pers i.e. if the endpoints of the m-th line are 

characterised by ordinates - lo~e h".l and - lo3e l f:d then 

- h~VI = lese lr,.l - lo9e It I I :: loge \ r,.lv, } nepers 

h for each of the straight line segments is obtained Sro111 the real characteristic. 

-5. The abscissae of the endpoints of the :m-th seg:nent are log10 t/1 and log10 ~ 

-From these we obtain ~ and Yl. and hence the geometric frequency centre YM0 of this 

segment. Parameter 8rn is c~lculated from either or 

.A :parameter a is calculated for each of the straight lines. 

6. We have now characterised each straight line segment by three numbers= h, ~ and a. 

7. Bode solves (12) for a linear real characteristic (i.e. a straight line seg-

ment) which has h :: 1 ~e:per. The solution is obtained for a large number of closely 

spaced values of the :parameter a. His results are :presented graphically in a series 

of curves; each curve corresponds to a :particular value of parameter a. Since he 

h:is chosen. h: 1 throughout, the ordinate scale of rris curves has units radia:as,ne:per-1. 

This quantity is plotted against 'Y /~ 

8. Consider the m-th segment. We have already deteTinined the parameter am·for 

this segment. Therefore we can inunediately choose that curve f;ro:rn. Bode~ s fa."llily 

of curves whic.h is appropriate to the m-th segment. 

9. This curve is the imaginarJ characteristic in radians.ne:per-1 given as a 

function of v j ~. -We know V0 for our segment~ Hence we can obtain the im-

aginary characteristic;in radians.ne:per-1 as a function of Y for the m-th segment. 

10. Our :particular segment has an ordinate separation 11m ne:pers. Therefore we 

convert the imaginary characteristic from radians.neper-1 to radians by a simple 



multiplication by hm· 

11. The previous step has yielded the phase 9~(v) which corresponds to the m-th 

segment of the real characteristic. The contribution to the phase from each of the 

segments is obtained in like manner. These contributions are summed to yield the 

imaginar.y characteristic We have solved the dispersion relation for f) 

83 
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APPENDIX C .Q! TEE DERIVATION illf. EQ,UATION J.1&L 

The derivation of the Fresnel equations of reflectivity for an isotropic 

medium is straightforward and can be found in many text-books. We wish to apply 

this theory to anthracene. Anthracene is, however, electrically anisotropic. 

Therefore the relations between the electric, displacement and current vectors which 

appear in Maxwell~s equations become complicated. In particular the dielectric 

constant and conductivity become symmetric second-order tensors. In general these 

tensors have different principal axes. We let x, y, z refer to the principal di-

electric axes, x', y' , z' to the principal conductivity axes. It is possible to 

express one set of axes in terms of the other by using the following direction 

cosine scheme 

"' }1. '1 'Z. 

~<i' .. /l, WI, 1.1\, 

~j' t'l. M2. 11\l 

7.' t..l W\3 ~'~3 

Now the b- crystallographic axis of anthracene is an axis of syw~etry. There-

fore both the dielectric and conductivity tensors must have a principal axis which 

coirtcides with this symmetry axis for all frequencies in order that the tensors 

remain unchanged by the symmetry operation. If we choose y and y' to be the common 

axis coinciding with the symmetry axis b, then the direction cosine scheme becomes 

i<. I:J 'Z Where· ~ :: cosine of the a:q.gle between 

Y..' £ 0 -~ x and x' or between z and z I 

~· 0 1 0 and p2 ::: l-t2 

-z.' p 0 t 

With this scheme it is possible to express the components of cux·rent density along 

the principal dielectric axes in terms of the principal conductivity values: 

JY.. -:. (f I E~, l -1- fJ '7.' £ -z.' p 
)1. 

. .. - .. - C1 
j~ :; fJ, E ':1' ':) 
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The theory of propagation of electromagnetic waves in an absorbing medium gives 
.... ~ ..... 

s. D ( s. j ) C2 

where the symbols have their usual significance. We want to know under what con-

di tions we can consider the displacement "D to be perpendicular to the wave-nor-

mal S Putting ( Cl) into ( 0.2): 

- ..... s .D = - - - - (3 

This is not generally equal to zero. However if the conductivity is small enough 

to make the right hand side negligible then we can regard the displacement as being 

perpendicular to the wave normal. We do not know the conductivity of anthracene at 

the frequencies o1' interest, but when the photoconductivity is measured using these 

wavelengthS for excitation, a value typically less than lo-17 obm-1 cm-1 is ob­

tained [51]. In the theory that follows it is tacitly assumed that 

s.:D -:: o 

Ir light is reflected from the {001) crystallograpluc face of the anthracene 

crystal vdth the (010) face in the plane of incidence, then two of the principal 

dielectric axes (x,z) are contained in this plane. The optic axes of the (biaxial) 

crystal are also contained in this plane. 
_,. 

Now the two directions of ]) in the biaxial crystal cor;responding to the 

wave-normal s are the internal and external bisectors of the angle betv·men two 

planes, each of which contains the wave-noi'lllal and one of the optic axes. Ap:plying 

this to our particular situation (described in the previous paragraph) we find that 

one displacement vector lies in the plane of incidence, the other perpendicular to it~ 

If we use these results in the usual method for deriving FresneP s equations 

of reflectivity we get, for normal incidence, equation (13) of this Thesis. Since 

the dielectric constant and conductivity are complex tensors, the quantities appear-

ing in this equation are not easily interpreted. However it is sufficient for our 
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I 

purposes to show that an eQuation which is of tre same form as the Fresnel formulae 

does apply to anthracene under the assumptions and orientation of' the crystal we 

have specified. 
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SUiviMltRY 

ONE A brief description of the geometry of the anthracene molecule and crystal 

is presented. This is included to make later Chapters more meaningful. In addition 

a method of locating crystallograp~~c axes and faces is described. 

TVlO In this chapter the energy levels of the anthracene molecule, as calculated 

by Coulson using the LCAO molecular orbital method, are presented. The ground state 

is found to be Ag and the first three excited states B2u, B3u and B,2u in increasing 

order of energy respectively. 

THREE The extension of the theor~ of the energy states to the crystal, as per­

formed by Davydov, Craig, Hobbins and others is reviewed. It is shown that each 

molecular transition becomes two in the crystal. These two components have dif­

ferent energies and polarisations. The theory shows that a localised excited state 

in anthracene is not a stationary state so that the energy of excitation moves 

from molecule to molecule. Thus we are introduced to the exciton, a concept which 

~s of great importance to this Thesis. 

·!Q[g Because of the importance of the exciton this vhapter is devoted to a dis­

cussion of its characteristics. First the various forms which the exciton can 

take and then the decay, trapping, scattering and diffusion of molecular excitons 

are reviewed. In this way we are made fruailiar with the behaviour of excitons in 

anthracene. 

FIVE A detailed description of the apparatus and method of measurement used to 

find the ultraviolet reflectivity spectrum of anthracene is given. The results of 

an investigation into the effects of varying the condition of the reflecting sur­

face is presented. These results are used in a later chapter to calculate fluor­

escence excitation spectra. 

§!! The ultraviolet absorption spectrum of anthracene measured by conventional 

techniQues is discussed. The Price-Robinson method is then applied to the reflect­

ivity data to yield effective opt:i,cal parameters. By comparison with the convention-

al absorption spectra we are able to infer that these parameters are e~uivalent to 
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the optical constants. Since the absorption spectrum of anthraquinone is needed 
' 

in later calculations it is presented in this chapter on absorption spectra~ 

SEVN~ Because it is not unrelated to the fluorescence excitation, and has received 

much attention from researchers, the photoconductivity excitation spectrmn of anth-

racene is discussed. Emphasis is placed on the interpretation of the photoconduct-

ivity in terms of excitons. This aids our interpretation of the fluorescence ex-

citation spectrum. 

EIGHT After defining the fluorescence excitation spectrum to be calculated, the 

experimental results of G. T. Wright are given. The authorqs measurements of the 

excitation spectrum are then presented. A detailed interpretation of these excita-

tion spectra taking into account reabsorption of fluorescence, reflection-losses 

and the quenching of fluorescence due to exciton trapping at the surface is presented. 

' NINE The ideas of the previous chapter are incorporated into a quantitative 

examination of the excitation spectrum from which an expression for the spectrum 

emerges. The calculation of the excitation spectra is preceded by a determination 

_ of the fraction of exci tons trapped at the surface. This deter.mination combines 

the random walk of the exciton 1tith known decay times to yield the fraction trapped. 

This.knew knowledge together with the reflection and absorption spectra of previous 

chapters is put into the expression for the fluorescence excitation spectrum. The 

resulting spectra agree well with-their experimental counterparts. 

A A general definition of Kramers-Kronig relations and the require1Jlents on a 

complex function for the relations to be applicable areJ}resented. Experimental evidence 

on the validity of the application of the Kramers-Kronig relations to the dispersion 

process in anthracene is analyseda It is concluded that the relation can be used in 

our particular casa r 

B The_application of Bode?s method of solving the Kramers-Kronig relation to 

equation (12) is discussed. A step-by-step description of the solution in a general 

cas.e, rather than our particular case, is presented. 
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C A summary of the important mathematical m~ipulations and assumptions used 

in deriving Fresnel reflection formulae for anthracene is presented. The particular 

case of reflection from the ( 001) 1'ace, with the ( 010) in the plane of incidence, 

is treated. 
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