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INTRODUCTION

»

The Fluorescence BExcitation Spectrum of anthracene is known to vary con-

1 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 reflection spectrum appear to have been con-
fined to the case of polarised inecident light. In addition ‘the reflectivity meas-
urenents 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 ﬁere used to further
knowledge of the chemical ppocesses at the crystal surface, as well as being used
directly in the calculation éf fluorescence excitation spectra.

i 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 the complicated process of
converting the reflectivities to optical constants is dealt with in three Appendices
;v to the Thesis.

The-méthpasused for the reflectivity measurements had the fortunate advantage
that fluorescence excitation spectra could be obtained as a by-product. Therefore
although our primary purpose was to explain certain aspects of previously reported
excitation spectra, we nefertheless were able to obtain significant new experimen-
%al 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. -




Our interpretation of the fluorescence e%citation spectrum of anthracene will
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 of absorption in the crystal is developed. Thus
are we introduced to the exciton. |

The author wishes to emphasise that the main purpoée of Chapters Two 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 cén be found in the literature. To compensate for this, however,

a comprehensi#e list of references is included, so that the interested reader can
consult the important contributions in this field with the minimum of effort.

Many experiments have been performed to confirm the existen;e, 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 forward 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 thg final chapter our interpretation of the exciﬁation 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.




CHAPTER ONE. GEOMETRY OF THE ANTHRACENE MOLECULE AND 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 [l
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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
each other and define the (00l) plane. The ¢- 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 90° with oa. This angle is usually called@emd was found to
be 124° 24' [2]. Unit lengths along the axes are unequal and reference [2] gives
them as

a = 8561 A, b = 6036 A, ¢ = 11°163 A

each with uncertainty ¥ 0.010 A,




Fig. 3. THE CRYSTALLOGRAPHIC AXES FOR ANTHRACENE.

In Fig. 3 the b- axis, which is the crystallographic axis of symmetry, is
shown in the horizontal plane (001), the ¢~ axis in the vertical (010). An axis
¢! is chosen which also lies in the vertical plane but with the condition that aoe' =
90°, Therefore a, b, c¢' are a set of orthogonal axes. The plane defined by b and
¢' will be called the (1'00) pléne. "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 moiLecules within the unit
cell. The edges d and.g can be described mathematically in terms of a, b and cf
[3,53. They are the intersections of the molecular plane with (001l) and (010)
respectively. L and M, the long and short molecular axes are defined in fig. 4.
Of the two moirecules 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 lal/2,

Fig 4. SECTION 'HROUGH THE Fig 5. MOLECULAR PLANE IN THE

PLANE OF THE MOLECULE ANTHRACENE CRYSTAL




1.2 IDENUIFICALION OF PLANES AND AXES

»

The major crystallographic planes and axes of a single crystal of anthracene
can be identified quite easily. TFirst the (00L) 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 (0O0L) 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 180° 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 séction, the remaining axes and
major faces can be identifigd.

This method is not as accurate as more sophisticated methods which use a
polarising midroscope because of errors due to parallax and judgement, but it has
the advantage of being very simple 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.
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1 CHAPTER TWO. THEORY OF THE MOLECULAR BNERGY LEVELS

2.1 ATOMIC ORBITALS OF CARBON
If we were bo describe the lowest state of the carbon atom by the well known

atomic orbital method [5], it would read
(15)% (25)% (200 (2p))

This has two uwnpaired electrons with paraliel spins giving the triplet SIZ This
f, atom therefore is divalent. But a feature of carbon is its tetravalence, which
| means that we must have four unpaired electrons in the valence shell. To adhieve
this the carbon atom must be excited out of its ground staté, 80 that one of the

23 electrons is elevated to an unfilled 2p,, orbital. This state is then
2 . .
(1s)% (2s) (2p,) (2p)) (2p)

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

: _ more than compensates for 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 hybridisation whicﬁ takes place between the s- and p~- states can be

either tetrahedral, trigonal or digonal.

2.2 W - MOLECULAR ORBITALS IN BENZENE
Anthracene consists of three benzene rings. An obvious first step in our
discussion then is to treat benzene. Trigonal hybridisation 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 xy plane which are mutually inclined at 120°,

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

2

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

Joined by o - orbitals to one hydrogen atom and to the adjacent two carbon atoms,
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with the bonds at 120° (trigonal hybridisation): The six 2p, electrons are distri-
buted among a set of molecular orbitals formed by linear combination of these atomic
il 2p,, orbitals, resultiﬁg in ® - bonds.
An important phenomenon found in benzene and indeed in all conjugated and
aromatic molecules is that of delocalisation of the p, orbitals: when we attempt
to find one particularly favoured scheme for pairing the‘sz orbitals which will
result in a localised bond, we are unsuccessful. Th§re is no.single pairing scheme
_ which is more favoured than any of the alternatives. This is because each of the
wave functions describing these six orbitals V; | nel, 2, —eeww- , 6 overlaps both
of its neighbours equally. We are forced to take as our molecuiar orbitals.

-3? = Y 4 QY b e d %Y, | e |
with the constants ¢, , ¢y, ----, Cg determined by the fact that they should lead to
stationary states. From the above equation we see that each one of our six (sz)
electrons has 1o occupy an orbital which spreads over all six carbon atoms, so that
the molecular orbitals are now completely delbcalised. The appearance of these

orbitals is shown in fig. 6

FIG 6. 'Jv -MOLECULAR ORBITALS IN BENZENE
This delocalisation is equivalent to allowing free migration of s -electrons
rqund the benzene ring. Of course when an electron moves from an atom 1 of the

{ Ting to an adjacent atom 2, a second electron must move from 2 to 1, so that there ' i

| 15 no net flow of charge.




2.3 GEN®RAL DESCRIPITION OF N-V TRANSITIONS

} Equation (1) defjnes the i -type molecular orbitals for benzene. There are
'i six independent combinations of this equation, yielding six s -molecular orbitals.
\f Fach of these molecular orbitals has a definite energy. The six ;v ~electrons will
be distributed among these orbitals, yielding for each distribution a K& -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 amissi&n or absorption of light. .
These electronic transitions among the ;r~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 spectrum of
the molecule, we can, to a good approximation, ignore all except the s -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 JINERGY LEVELS FOR 2n MOLECULAR ORBITALS

| Before we attempt to describe the theorétical energy levels of the anthracene
molecule it would be instructive to consider briefly a general molecule with 2n
molecular orbitals. Tig. 7 shows the positions of these orbitals on an energy '
scale, the n bonding orbitals being below the long horizontal line, and the n anti-
bonding orbitals above. It can be shown that to a good approximation the energies

_of the orbitals are symmetrical about this line.

e N4+ 2
N+

—n
1) ~ |
_.._..n,_z
—

et pameee il |

Eﬂ@?gy _

L

Fig. 7. ENEKGIES OF 2n MOLECULAR ORBITALS
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In the ground state all the levels up to n are each doubly occupied. The
lowest excitation energy would he expected tO0 correspond to a transition n-sn+l.
The transitions n-»n+2 and n-l-»n+l are next in order of energy, leading to degener-
¢§ ate states. The result of the degeneracy 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
| is n-l=n+2., It is found that transitions to molecular orbitals of higher energies
than these usually lead to‘the breaking up of the molecule.

The four transitions we have described are found to be chéracteristic-of
nearly all nm - electron hydrocarbon molecules, and because 6f this have been given

the following names:

(0)2 = (n) (n+1) p- band
(@)® = (n) (n+2) 9, p - bands

(n-1)% = (n-1) (n+1)

(n-1)® ~(n-1) (n+2) | B - bend

The p-~ and Pt bands are due essentially to the excitation of a single electron
from one molecular orbital to esmother. The excited states of the ¢~ and f- bands
éannot be represented in terms of a\single electron jump because of the so-called
configuration interaction discussed above. There was a great deal of difficulty
and confusion in interpreting the spectra of X - electron hydrocarbon molecules

before this interaction was taken into account.

2.5 INERGY LEVELS FOR ANTHRACENE

A c 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

in fig. 8
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FIG 8. THE ANTHRACENE MOLECULE ‘

‘The molecule has three two-fold rotation axes of symmetry--the x, y and z axes, as

well as a plane of symmetry Xy so that the full symmetry is Vh'( = Dop). . This nota-
tion is described fully in [12].

One way of characterising the -'sy@etw 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 antisymmetrical
(A). Since we are dealing With n - orbitals, each of these molecular orbitals will
be antisymmetric in the plane z = o (plane of the molecule) so that we assign the
label A,. Because this la;bel is common to all our, orbitals we can leave it out,
i'e‘membering that if we have an even number of orbitals with A, symmetry their com-
bination gives total symmetry S,. Our remaining labels are Sy or Ay, Sy or Ay.

The LCAO molecular orbitals of anthracene are given by
- 747 ’
Fe 5 oy s 2

] .
The symmetry properties.discussed above must be reflected in the values of the

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

. indicate symmetry sty by P, Axsyby Q, SxAy by R and AxAy by S.

The results of group theory [12] show that for the Vh syrmetry there are only
eight distinet types of molecular orbital, viz. Ay,, Ay, Big, Biw Bggs Bows Bzgs

Bzy. But we have obtained only four distimet types P, Q, R, S each with the add-

-‘v_'tional symmetry Az which we did not include explicitly. The other four must be

,Similar except for having the common symmetry S, instead of Ajz. These are the ¢=-

i
.




o2
R &%, 7%, 5%, 5 ana n.
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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 Blu’ Bzg: Brg and Ay, respectivély. There are, however,
several advantages in using the P, Q, R, S hotation. These are discussed by Coulson
[6,7]. |
A detailed examination of equation (8) would show that there are four moleculer
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 by Coulson. For
the ground state we have
2% 4P B2, 2P, 0pf, 52, B? |
where the suffixes have been assigned so that'Bk.is lower than P2 ete., Examination
of the Character Table for Vh shows, that two electrons sharing any one molecular
orbital have combined symmetry Alg' This therefore is the symmetry of the ground
state. Table 1 shows the symmetry representation corresponding to any two electrons
in any pair of orbitals of the types P, Q, R, S, ‘
TABLE 1. SYMMETRY CLASS OF PRODUCT OF TWO ELECTRONS

P Q@ R s
P Mg Byy  Bgy Big
Q By Mg B1g Bou
R By, Byg By Bay

Each of our types of level could be either singlet or triplet. We are con-
cerned only with the singlet, since the ground state {all orbitals doubly occupied)
is always the singlet 1A1g and singlet-triplet transitions are not allowed. A
further selection rule to be followed in view of 6ur pérticular groﬁnd state is

that trensitions must satisfy the condition g-u. Thus we see from Table 1 that

;%hthe only allowed transitions are %o Bg, and Bzu configurations. Therefore the only

i éllOWed'excited configurations ere PQ, PR, QS and RS, those not allowed being P2,




The five transitions of lowest energy obtained from Coulson's calculation

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

The polarisation direction is obtained from the V, character table.

TABLE 2. N-+V TRANSITIONS IN ANTHRACENE

AN
Transition Description Exeited Polarisation i ?
Oonfiguration
N--Vy © Rg®-RgPy Bou Y
N Vg Q2® -+ QzP3 Bau x
N-Vz 818 ~81Py i (z) forbidden
NV, "~ R2wRyPy Boy ¥y
N->Vg P2 PoPy Mg (-) forbidden

From the theory reviewed in this Chapter the following important facts emerge:
(1) the first absorption band in anthracene has an upper state By, end is
polarised along the y- axis of the moleéule i.e. the short in-plane molecular
axis,
(i1) the second transition is to an upper state Bzu and is polarised along
the x- or long in-plane molecular axis.
(11i) +the third band has a By, excited configuration so that the electric
vector lies along the y- axis i.e. it 1s 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 eleciron "perimeter™ model.
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CHAPTER THREE. THEORY OF THE CRYSTAL FNERGY LEVELS

3.1 INTRODUCTION

The most satisfactory description of the crystalline energy states of aromatic

substances tims far produced is that based upon the "'Qxéitpn‘.* "or non-conducting

"excited states first discussed by Frenkel [15,16] and Peierls [l'/]. This concept

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

‘1ike' molecular erystals 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 been reviewed and extended by Craig and Hobbins

[19,’21] and Crai‘g [30] N the material presented in this Chapter being based largely

on the publications of the latter authors. | | |
The ymperiturbed stafe in the exciton migration model. can be represented by

a collection of molecules which are.not interacting with each other. If we use the

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

groﬁnd state of the crystal is written, following the assumption of wesk coupling,

as a simplle product of molecular wave functions of the collection of N unexcited

‘. ___ molecules. A set of excited states is obtained by assuming that if the collection

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

 molecules would be in the ground state, the other (the p-th say) would contain the

‘energy of excitation.

The molecules in our erystal do interact with each other slightly, and to re-

| present this interaction a small term, the interaction potential V, must be included

in ‘the unperturbed Sechrodinger equation. This potential operator has the full

symmetry of the crysté]. lattice so that the wave functions must also have this

Symmetry. Since the interaction is in this instance a purely crystalline phenomenon,

we have here the first effect of the crystalline field on the molevcular states.

3.2 FIRST ORDER THEORY

The energy levels B and wave functions § 6Ff the crystal are defined by the
equation '

)2 (Hu*g,:k Vig)$ = E®

Reed
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According to first-order perturba’cion theory the energy of the ground state is
E=Z‘° +Z):f dr .- - -
¢ | lvn TR 3
where wh is the 1solated energy of the k-th molecule in the ground state described
by the anti-symmetric wave functions ?h + Primed quantities would indicate an
excited molecule.

It follows ffom'what has been said in 3.1 that the crystal wave function is
N

. | § : a?2¢ where Z[;i :.2 ay = |
5 @ is one of N crystal excited states all belonging in the weak coupling model to
the excitatiqn of one molecule to ean excited state. The quantity aw a"l’ is the
probability that the p-th molecule is the excitation "site", When N is large (as
it will be for our crystal) the coefficients GQp differ from one another only in
their phase factors, and may be obtained from the usual ‘secul,ar equations
deel LH +ILV,) -5 E‘
'i'he diagonal elements c(an behwritten . l"l' b
f¢:(ZHa + LY V)4 o -E "r-4 ‘
Since ¢P 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 the excitation is localised at this p-th molecule. Re-
membering this when we use (3) in (4) we get for the diagonal elements
z'wh+w + zz ?q’llvhzl"'f’z + Z'H’,IVMI?,,'Q ---- 5

’ : where the primed sum indicates that the exclted (p~th) molecule has been omitted.

e

The non-~diagonal elements are of the form

[67(£EVW,) e, ¢

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

Ly = 6% Vel 1o | ---- b

The excitation can bd said to have trensferred from molecule p to q under the ins

fluence of the interaction potential.  This is the exciton. The non-diagonal
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 elements (8) are the exciton "exchange" integrgls for an exciton jumping from the

p-th to the g-th molecule.
To get the magnitude of this energy which is transferred, we subtract the
ground state energzy (3) ffam the diagonal elements of the energy matrix. This
gives a secular quatibn whosé ro;£s are the erystal excitation (exciton) energies.
If in particular we consider only the p-th diagonal element we get by subtracting
the p-th element of (3)from (5) " -
po, + D - AE - R
where Aw, s w;, - W -

and D ?'E {(Q; ?2 IVMIV; %) "" _(‘%%‘vn‘ ?b%,)} |

3.3 INCLUSION OF SYMMETRY

A}

We have seen that the symmetry of the anthracene molecule is Doy, The
symmetry of the unit cell, which is now of great interest to us, is CBh' We

must_combine the molecular wave functions is such a way that these combinations

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

sentations of the molecular group Dgy and the unit cell group Coy are included in 'i
|
|

\

 Table 3.
TABLE 3. REPRESENTAVIONS OF THE UNIT CELL GROUP Con
Associated
E Copn i dk Doy, Representation
Ag 1 | 1 1 1 Alg’ Blg
i . B
Au (rb) 1 1 -1 -l . Bzu, B3u
I&‘. } -1 1 -1 AlgS’Blg
-
B, (r) | 1 -1 -1 1 Bou, Bg,

Unit cell wave functions ¥ are now defined, corresponding to the excitation

of the two moleculas (;dentified by subscripts 1 and 2) in the unit cell individually.

'f"ﬁ 2 I—!'{ (¢'i ¢2)




The & - and [3- unit cell functions formed by combining the g- type molecular

1 2

wave functions transform like the Ag snd Bé crys’cval species respectively; those
S ) ) . L :

from Bzu and B:su molecula? functions like Bu and % Combining the ¥ ® into a form

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

38 (R) - J'”Z(exbtk\‘)k’@(v,) oo

where T is a lattice tra.nslation with components a, b and ¢ and

ha = ch/M .a for @ = 0,'3-' l,f’. Do Ma./z .
0'. numbers the Ma cells along the a- axis. k“’is a wave vector of the reciprocal
- lattice. Similar'resul‘cs obtain for the b- and ¢~ directions.

3.4 APPLICATION OF THE SELECTION RULES

The selection rule for the wave vectors may be deduced from the transition
dipole moment integral for the transition from the ground state §6 to the excited
states §~’p¢ I;h can be shown that this transition moment vanishes unless -|:= 0.
This selection rile applies to the rigid lattice. The band width may become finite
on account of the excitation of lattice vibrations. However, even when lattice
r‘vi.brations are permitted, the transitions.for which Tu-. 0 are still the most intense.
This transition rule means that of the menifold of levels (8) only two are
 effectively excited. Thus froﬁ starting with a single molecular electronic level,

‘we now have two levels for the crystal, corresponding to

| §, = 30

~ These two allowed transitions have different polarisations.
A turther selection rule is obtained from the fact that, since the unit cell

has a centre of symmetry, only g-u transitions are allowed from the ground state,

a8 is the case with a single molecule. It follows that only those transitionsaré

allowed which correlate with allowed molecular transitions, and their polarisation

may be read from Table 5. Thus erystal transitions related either to molecular

;transitions Ay g=»Boy (short axis polarised) or Alg"BBu (long axis polarised) have

their 4~ components polarised in the ac crystal plane, end their (- components along

the b erystal axis.
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3.5 DAVYDOV SPLITTING 8

It is found that the o~ 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 Bplitting and is caused by the exchenge .
interaction of molecules which are not translationally equivalent i.e. of the
different molecules of a unit cell. The exchenge interaction of molecules which
are translationally equivalent simply displaces the spectrum of the crystal rela-'
tive to that of the free molecule. |

If Il is the exéhanée interaction term for tr&nslationally equivalent mole-
cules, and I, the exchange interaction term for molecules not tfanslationally

equivalent, then

/
!

Iz : g% Ilm

where p runs over molecules translationally equivalent %o the,ﬁ-th.molecule and m

= 3 |
I =t | e g

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

2_‘”'diéplacement of the lines or bands of the molecule in the crystal relative to those

" of the free molecule. Thus the energy of the tremsition from ground to erystal

|
excited state may be written

|

|

L e ae Lt

The upper sign refers to the & wave functions, the lower to the ﬁ » We see that
the Davydov splitting is equal to 212. The Davydov splitting differs from the
. usual splitting of levels in crystals in that Davydov splitting occurs even for
?molecular states which are ﬁot degenerate. It arisés from the wandering of the
'?;excitation energy in the crystal and hence is restricted to the excited states.

P 5.6 SECOND ORDER EFFECTS

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

f?anSitions is not negligible. The effect is particularly noticeable when a strong

moleculay transition is found near the weak one. Then intermolecular forces bring




about intéraction between thé strong upper state of one moleﬁule and fhé weaker
upper‘state of & 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 transter should be most notice-
‘E able when the weak system is 0.1-0.2 times as strong as the intense one, and great-
v est in the crystal @irection in which the strong transition has its major component.

3.7 VIBRONIC LEVELS

v v(n)
Vibronie wave functions @ . ¢ can be written for the r-th excited electronic

state, where 0"'(”)

igs the vibrational function corresponding to the n-th quantum
state of the vibration. In general the vibration differs from one electronié state
r to another. For the less complex aromatic compounds, howevef, there is a sime
plification of 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 system generally shows no
wellfdéveloped progression of vibrational sub-levels. Therefore we can regard our
_energy-level system as being a weakly excited first upper state #ﬁ with accompany-
ing vibrational sub-levels, end an intensely excited second upper state Qz withe |
gux'vibrational structure, plus further upper states @? »

In anthracene vapour spectra @1 is found to have up to five members of the

vibrational progression with a mean spacing of 1400 em~t between successive sub~

levels. The spacings are very nearly equal for both vapour amd liquid spectra, but

in the crystal the intervals are distorted and differ along the a- and b~ directions.

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

o B gy

since the Davydov splitting is small for this the first band, the differencesin

“”FSplitting are neither very noticeablenor very certain, different cryéfal specimens

~ Of anthracene giving different results.
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CHAPTER FOUR  EXCITONS

4,1 INTRODUCTION

Since the exéiton will be used as the basis for explaining the antﬁracene

" fluorescence excitation spectrum, we devote the present Chapter to a discussion
of certain relevant properties of the exciton. The previous chapter showed that
excitons correspond t0 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

- stationary state is obtained by allowing the excitation state to be delocalised over
all moleéules of the same kind in the form of an excitation wave. This typé of
exciton is called a Frenkel or Molecular exciton. We begin this chapter by showing
that other models of the exciton have been successfully used, and then briefly des-
cribe other variations in the characteristics of excitons.

The decay of the exciton is obviouély 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 major role in our interpretation of the fluor-
escence excitation spectrum. Therefore sections dealing with the decay, trapping,
séattering and diffusion of theAexciton are included in this chapter.

4,2 VARIATIONS IN EXCITON CHARACTERISTICS

The model of the exciton which is of greatest interest to us, and to which we
7, have already been introduced, is the Frenkel exciton. However Wannier [22] and

Mott [25] who were concerned with the optical properties of semiconductors, view

the exeiton as a conduction-band electron and a valence-band hole which are bound

‘rtogé%her and travelling thrqugh the crystal, although they may be separated by am

- 8ppreciable distance. This type of exciton is ususlly calledAthe Wannier-Mott exc-
citon. Knox [24] has pointed out that the two views (Frenkel and Wannier-Mott) are

not as unrelated as they may seem. .Since an excited atom can be described essenfially

£ 25 an. electron bound closely to en ion by the Coulomb interaction, the two excitons
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differ physiecally merely in their "radii" i.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 approximation. The absorption spectra of ionic crystals, and
particularly the alkali halideé, are interpreted in terms of an exciton which has
binding intermediate between fhe Frenkel and Mott. Knox [?4] 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 momgntum
" must be conserved. In this case, since the electric vector of fhe photon is perpen-
dicular to the direction of propagation, the dipole moment of the exciton will be
perpendicular to the wave vector .: , 80 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 shown that the
transverse exciton energy increases with ﬁ 80 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 exciton characteristic lies in thé 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 excitons [26], Davydov distinguishes between

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

" (1) free excitons: ‘the transfer of the exciton from one molecule to another
: 1s much more rapid than the intfamolecular vibrafion frequencies, so that the
change in the forces of interaction between neighbouring molecules when one molecule
: in the erystal is excited cannot displace theé molecules to a new equilibrium
bosition before the exciton has transferred.

(11) m™ocalised™ excitons: ‘the excitation propagates much more slowly then

?u fﬁe intremolecular vibration frequency so that the molecules do have time to odcupy
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. latter process has been called intramolecular deactivation.

_;lexcited 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

25

new equilibrium positions before the exciton can move. The progress of the exciton

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

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

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

those of the free exciton.

It can be shown that the "localised" excitons do not correspoﬁd to stationary
crystal states and that sﬁontaneous emissions take place into states 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 exeiton originally free may, during its diffusion through tﬁe crystal,
become “iocalised" through interactions with phonons, defects, impurities, surface
molecules ete.,  If this happens then- there is a reéuced probability for fluorescent .
emission and the efficiency of excitation drops. |
4.3 DECAY

There are basically two ways in which the energy of excitation of the crystal

" can be transformed (assuming no photochemical reaction to teke place) after a

photon has been absorbed. It can either be degraded to heat or regrédiated as
electromagnetic waves. Since the two processes are not mutually exclusive the
luminescence is usually of a lower energy then the incident radiation.

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

3 1attice vibrational energy or the excitation energy may suffer intramolecular

conversion to vibrational energy of the atoms which make up the molecule. The
Most orgamnic crystals have luminescence spectra which are independent of the

energy of excitation, the fluorescence being observed to originate from the lowest

.

WFich have natural half-lives 1010 _y0-11 sec.) AHbchstrasser [27] argues that
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" since the quantum yielg of fluorescence from thsé higher sfates is neégligible,
the non-radiative decay of excitation energy must have a half-life of‘tﬁe order
10"12 -»lO"15 sec, Similar values have been 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 Py, that it
transforms to a "localised" exciton or vice versa by Pt> that it decays to lattice

vibration by P, and that it suffers intramolecular deactivation by Py, then the

P
ratio"q of the number of excitons emitting their emergy as radiation to the total

\

number formed is
Py,

Por free excitons Pp is negligible so the probability of luminescence being
observed from such states is goyerned by Pt aﬁd Pd' If the excitation energy of free
excitons is less than that of the "localised" exciton then the probability Py of

_. conversion to "localised" states is small and luminescence with a large quantum
yield can be observed from those stétes for which internal conversion is not rapid.
’We note that for anthracene internal conversion is very efficient for all excited
states higher than the first since 1uminescencé characteristic of the lowest excited
-4 state only is observed.

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

: free excitons will drbp as the result of enhanced thermel transfer to "localised®
states and to lattice vibrations. The same effect should be obtainable by artifigially |

|
3 : |
k' introducing either impurities or defects at parts of the crystal accessible to the

ﬂié? - Self-trapping of the exciton can result. from large exciton-phonon coupling
‘d mekes itself apparent in the localisation of the excitation at some definite site

N .

9

in,the lattice, followed usually be non-radiative decay. The experimental evidence

B




27

for thié phenomenon is reviewed by Knox [24].
Trapping can also take place at a crystal defect which has an appropriately
large capture cross-section. This may happen without strong phonon coupling.
| Sidmen [28] believes that his interpretation of the gajp between the anthracene
;‘ absorption and fluorescence origins in terms of trapped' excitons constitutes evidence
f for the trapping of excitons. In addition Sidmen shows semi-quantitatively that it
ig possible for trapped excitons to exist in anthracene: There is a shift of -2140
cﬁf’l of the 0-0 band of the ]'Ag ¥ “Bgy transition in the crystal relative to the

vapour, The‘Coulombl exciton term D and exciton exchange energy I are responsible

for the shift, Now it can be shown_that a necessary condition for the trapl;ing of

the exciton is |

IDl » |1} (I's I, + I, see eguation 9)

. From first-order theory [20] we have for the l.Ag - 13211 transition that I, = -450
cm"l, I2 is negligible so that I = 450 em=L and D = 1696 em*}, Second-order theory
puts I at -650 em~l giving D = 1490 em=t. In either case ID| exgéeds || by an

e appreciable amount so that it is theoretically possible for an exciton to be trapped
in enthracene.

4.5 SCATTERING

Excitons cen 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 end Konobeev [29] estimate such a path to be 204 for an exciton in a

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

; be lem® sec~l which exceeds measured values by more than an order of magnitude.

TheY ascribe the discrepancy to the role played by "locallsed" excitons, the pre-

Sence of lattice defects and the approximate nature of the calculation. XKnox [24]

discusses qualitatively, giving references. to further work, the scattering by dis«

1°0ations and surfaces.
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4.6 DLFFUSION | | '

The classical demonstration of the diffusion of excitation energy within a
crystal is the experiment in which a trace of imﬁurity is introduced into a host
crystai and the fluorescence of the miied.crystal observed. A particularly thor-
oughly investigated instance is that of a‘naphﬁhacdnq&‘iﬁpurit§ iﬁ.antnracene. In

their review [30], Gaﬁguly and Chaudhury point out that in the pure crystalline

' state naphthacene hardly fluoresces, whereasdissolved in solid enthracene it fluor-

esces brilliantly with its characteristic yellongreen colour, the host crystal
fluorescence being quenched.
Since the proportion of naphthaéene molecules in the mixture ‘is negligible,

it is obvious that the initial absorption of light must be by the host crystal. The

. excitation. is then transferred to the 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 effects. Although this experiment does mot 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-
iétence of excitons and their motion in the crystal. We shall not»go through
these here, but based on these experiments we make thé fbllowing assumption which
will be used in the latter part‘of the Thesis: |

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

;iimpurities and possibly defects have a high trapping cross-section for these excitons.
:PnCe trapped by the impurity the exciton may decay either radiati#ely or non- radi-

B 25ively, depending largely on the nature of the impurity. If trapped by a defect

fﬁe probability -of non-radiative decay is very high."
Simpson [BI] has made what is probably the most notable direct measurement

°f the diffusion of excitons. The basis of his experiment is the fact that a

iph°sph0r containing luminescence centres can be used as a detector of excitons. .

53
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»This makes 1t possible to detect the diffusion ?f excitons from an activator;free
erystal into a contiguous crystal containing eentres 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. oppositesurface illuminated in the fundamental 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 éxcitons which are formed in the
specimen and‘diffuse‘to the detector where they are trapped andrfluoreSCe. A
measurement 6f the transmission of the specimen alone, separateé the two cpﬁtribut—'
jons so that the flux of excitons into the detector can be determined..

Simpson assumes that the motion of the excitons can be describedAbyAthé

:.ordinary-diffusion equation including terms for the creation and decay.of excitons.
He solves this equation using boundary conditions which fit the assumptions tha# (1)
there caﬁ be no transpor£ of excitons across the front surface which is free and

'(2) the detector in contact with the back surface is a perfect absorber of excitons.

_ 3” The agreement between theory and experiment is good. He finds that when a

: g;‘diffusion length.LA= 460 A is used in the.solution of the diffusion equation, the

e theoretical exciton flux compares well with the measured transmission associated

with the excitons. Where the mean free path of the exciton is comparable with the
ﬁlintermolecular distence it is appropriate to regard the mofion of the exciton as
':'aijump from molecule to molecule and treat the problem as a random walk. Doing
.bthis Simpson's experimental diffusion length‘can be used to obtain the displacement
B in the random walk:

l B o+ et = a? ~=-=-=10
g?Ving a Toot mean square displacement between the points of origin and decay of
tzf exciton of 1120 A. The mean numbeg of steps in the absence of impurities will

be‘;05 end the mean free path of the exciton 0.?}1’.




CHAPTER FIVE EXPERIMENTAL REFLECTION SPECTRA

5,1 APPARATUS FOR UNPOLARISED MEASUREMENTS

One of the difficulties encountered in interpreting fluorescence excitation
spectra has been a lack of knowledge of the ultraviolét reflectivity of anthracene
for unpblarisedrlighx (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 wnknown. It was decided therefore to carry out such
an investigation. This chapter repraéents the resulits of the investigatioén.

A Beckman Model DU Spectrophotometer was used to provide monochromatic near
ultraviolet light. A reflectometer, based on a design by Smith'[ﬁg] was attéched

$o the monochromator. The reflectometer is illustrated in fig. 9.~ It consists
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Fig. 9 THE REFLECTOMETER
ba81cally of a rectangular metal box painted with non-reflecting black paint both

inside ang outside, and divided into three compartments. In the first a quartz

disc is mounted at an angle of 45° to the direction 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 saliqyiate 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
t+he dark current. The output from thé phntomnltiplier is measured by a Cambridge
Spot Galvanometer via a'potantial divider. ' The purpose of this first compariment
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 changés but
-’fortunately it was never necessary to do so. ) ‘ | \
The 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 variable so that any part of the
- erystal can be illdminated (using visible light as a guide) and also so that the
=lcrystal can be lowered out of the path of‘the incident light. The table can be
rotated by turning the handle attached to the bpttam.of thé shaft supporting it.
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

i
i




~ on the vertical face by the method mentioned befqre.
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then cut to the right length. The upper (horizgntal)Aface 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 instgad
of being 1}2" wide it forms a nearly rectangular light accepting face about 3mm

wide. The shoulders thus formed on the probe were filed down until they sloped
gently, 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
rojects about 4mm from the shoulders. The purpose of narrowing the vertical face

is to limit the angie’over which light is accepted and conducted up the probe.

\

- The accepting face was sand-papered and poliéhed 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 salicylate deposited

A tight-fitting brass sleeve covers the upper portibn'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 BEMI 6260 photomultiplier. This

tube was checked forliﬁéarityof response and found to be satisfactory for the range

of 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, sleew and probe form & unit which can rotate about a vertical
'#{axis passing down the centre of the vertical sectibn of the probe and through the
érfentre of the table on which the crystal is mounted. Thus when the unit is rotated

' fhe vertical (accepting) face of the probe moves around the circunference of a circle

with centre the midpoint -of the'table, so that this face in fact describes a circle

around the erystal. This is shown in plan in fig. 1ll. The angular
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FIG 11. ROTATION OF PROBE AJEiOU'T 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 compartmenf., as shown
in fig. 9. The centre of this scaleu coincides with the vertical axis mentioned
above.

The light from the monochromator, in travelling down the reflectometer, pass-
es through two slits in the compartment dividing walls. These slits wers made from
‘;‘-'\."brass strip 1" wide ano 1/8" thick. A rectangular hole was filed in the strip and
;.‘ partially covered by razor blades held in place by clamping screws. The cutting
k2 edges of the blades form the slit. Tﬁe brass strip,
" between two metal i‘langés attached to the compartmént dividing walls, until the
slit coincides with a hole drilled in the wall. This hole is of course somewhat
‘larger than the slit, but smaller than the brass strip. The slit dn.mens:.ons which
’;Were used were about 4mm high by 2mm wide.

5.2 METHOD OF MEASUREMENT

The faces and axes of the crystal are identified as described in Chapter 1.2,
and the crystal is mounted with an edge of the chosen reflecting face lying along
ther Centre-line of the table. 'I'he height of the table is adjusted so that light

fl'°m the monochromator falls on a part of the reflecting surface. Visible light is

with blades mounted, can slide

33
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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 the re-
flectometer floor is now fixed by clamping thg 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 table shaft so that the collar comes up against the under-
neath surface of the compartment when the tabie is . in position. The desired angle
of incidence is chosen by rotating the table t6 the appropriate position. With the
crystal in place the front wails of the reflectometer (which are detachable) are
screwed on. The monochromator exit slit is adjusted to a convénient value._ Usually
this was 1.0 or 2,0 mm.
With a gi#sn 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 rétatipn is measured in terms of the Rubicon
galvanometer deflection produced by the output of the EMI 6260 photomultiplier. The

angular positions of the probe, and the galvanometer deflection at each of these

i; positions are noted. The wavelength and incident control intensity (RCA 6342 photo-
# mltiplier tube) of the light are also noted. If the Rubicon galvanometer deflection

- 1s.plotted against the amgular position of the probe, a curve like that of fig. 12

! Intemity

! ~ T -
0 I _.,.é_'."_lf' J:Po_l‘um\—ov

W o' W

,:,EIG 12. REFLECTED INTENSITY vs ANGULAR”POSITIGN OF PROBE
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 This particular curve is for wavelength 240 L 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 reflectéd light by subtraction of 1/2(a+Db) from the
intensity reading ¢ (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 ¢, The curve.in the regions of a and b is not ?erfectly 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

"end ¢ only. This is in fact what was normally done.

For smaller values of the angle of incidence ( < 30°) the complete curve
shown 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 ¢ only were

;. ‘faken.,

After these measurements have been completed for the chosen values of the
wavelength, the table on which the crystal is mounted is lowered so that the crystal
is removed from the incident beam of light. The probe is rotated until it accepts

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

3 priate wavelengths, in terms of the Rubicon galvanometer deflection. The incident
5control intensities are checked with those obtained before to see whether 6r not

‘the intensity has changed.

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

Purrent and stray light intensities can be measured.  This is subtracted from each

of the incident intensity readlngs to give d(a), " The coefficient of reflection

of(the crystal R(A) is then obtained from elther
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R(A)a[cm;a(’*“ b(ﬂ], L or m(A) . o3 =)

2 a(a) ) a(x)

5.3 RESULTS OF UNPOLARISED MEASUREMENTS.

. After many reflection spectra had been obtained both to test the apparatus
. and to acquaint the experimenter with it, an investigation into reflectivities for
different surface: conditions was begun. In fig. 13 we have three reflection spectra °

for the (00l) crystal face measured at an angle of incidence 5'00.

Rejlectance
wh. wnib ) \

Waveltngth mpu

220 260 300 o L00

FIG 13. REFLECIION SPECTRA: (001)

f,_ Foi- curve (i) the erystal face was freshly cleaved in feeble light. immediately
before measurement. Care was taken that the cleaved face was as smooth and shiny
. a8 possible, although it was not possible to obtain a surface entirely free from
tiny cracks and lines associated with the perfec’s cleaj\rage of the face. The spectrum
-3‘ reported here is extremely reliable;it was obtained on numeroué occasions with re-
v "markable reproducibility.

‘ Curve (ii) was obte_tined the day atter curve (i). Nothing W&S: altered on the
aPpar.t'atus. -This curve représents an attempt to see how the irradiation by ultra-
Violet light which the crystal underwent during the measurement of the previous
déy would alter the reflectance. It is known that photo-oxldatlon oceurs in an-

th::-acene the photochemical products being the polymer dianthracene, and anth-

aquinone [Ellis and Wells 33]. We see that the reflectivity has decreasedslightly
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from the wnirradiated case. The effect, although small, was found by repetiiion of
the experiment to be real and not instrumental,

Immediately after curve (ii) had been obtained the (00l) face was polished
gently with softltissue‘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 reflecti#ity of this polished surface. We observe
a marked decrease in the reflectivity although the Wavelength dependence is unaltéred.
It is thought [Lipsett et al 34] that the friction engendered by polishing the
crystal enhagcas its qhémical activity so that an appreciable layer of probably
snthracene peroxide or anthraquinone is formed during the polisbing. This,iayer 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 crysﬁal and the in-
cident medium thus reducing the reflectivity. Probably.both.mechanisms are active,
Ef:,although the small photochemical change does suggest that the second is more effec~
tive in reducing the reflectivity.

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

layer of oxidation products. This thick layer is produced by allowing the crystals
”?}to "age" in the presence of air and light for a period of several months. The -
. feflection spectra of aged (00l), (010) end (1'00) surfaces are shown in fig. 14,
‘;l5 and 16 respectively.
Each of these figures shows two spectra. TFor the curves marked (i) the face
,WaS polished to a silky appearance as normally supplied by the manufadturer, and
Fad been exposed to the chemical action of light énd the atmOSphereifor an ektended
?eriod. Before measurement the face Wés rubbed very gently with soft tissue paper
1f?l‘emove any grease marks which may bhave been present as a result of handling the

°Tystal. For the curves marked (ii) the face was polished with soft tissue paper
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so that it became smoother and had a shinier appearénce. It can be seen thaf
polishing the aged crystal generally increases the reflectance. Presumably this
is because polishing removes some of the oxidation’pro&ucté.

It is noticeable that the aged (010) and the (1'00) spectra have a different
appearance from fhe spectra in fig. 13, but the aged (00l) spectrum remains like
that of the cleaved spectrum except for being much less intense. On the aged
crystal the (001l) 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 0w,
idation products showing a preférred orientation for growth relétive to the ﬁulk
material. The reflection spectra of the (010) and (1'00) faces were remeasured
after the aged surfaces had been séraped with a clean razor blade to remove (as

far as possiblq)the layer’of oxidation products.‘ The results are shown in fig. 17.

R arb. units

20 300 400

FIG 17. REFLECTION SPECTRA (i):(010);(ii):(1'00)
Unfortunately scraping the surface roughens it to such an extent that the
;reflectance is rather more diffuse than before. Thisvmakes measurement of the
‘SPGCular reflect1v1ty difficult. There is no doubt, however, that the reflectivity
bf the scraped surface (which should be characteristic of the bulk material anth-
??cene) is different from that of the aged surface (which appears to be character-
i%ﬁic of the oxidation products).
| Both figs. 15 and 16 show a prominent peak in the region of 250 HV* Now

anthratluinone has an intense absorptlon band at roughly this wavelength [55 56]
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Furthermore anthragquinone is very nearly tranagarent to the longer wavelengths
ﬁsed in our measurements (540-400m)t) s0 that if anthraguinone 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 wave-
. length peaks lie at the same position as those of the first anthracene absorption
band., Further, in the crystal this band has its mejor component along the b- axis
80 that the faces containing the b- axis - (001) and (1'00) - should have these
peaks more intensely developed than the (010) which does not confain the b- axis.’
. That this is in faet found can be seen from figs. 14, 15 and 16,
The above paragraph indicates that the long wavelength reflectivity ef the
aged crystal surfaces is characteristic of the oxidation product and that this
appears to be anthraquinone.

5.4 POLARISED MEASUREMENTS

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 (?hiiips 50 AVP) in
place 'of the EMI 6260.

The polariser, which was obtained from Polacoat Inc., consists of a thin film
of dichroic matefiel on a quartz disec. It is effective down to wavelengths of
3{about 250Hy&. The polariser was placed in a housing which inAturn was installed
.in the centre compartment of the ;eflectometef. Details of the housing are shown
Ain.fig 18. The polariser can be set to any one of three easily located positions
'by rotating the centre portion of the housing until a spring-loaded ball-bearing
Elicks into one of three holes. The holes are Spaced 80 that the plane of pol-
arisatlon is either horizontal, vertical or at 450 to the horizontal.,

h ‘A Chance 0X 7 glass absorption fllter was used in some of the measurements to
abSOrb the anthracene fluorescence, so that specularly reflected light only was

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

i
nten31ty of light conducted up the probe was very low. The best polarised spectra

Were obtained without the filber.




Tespondence with similar spectra reportéd in the literature [Bree and Lyons 38] is

_engles of 1ncldence at which the sPectra of the author and those of others workers
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FIG 18. THE POLARISER HOUSING
The generally lower intensities for the polarised measurements meant that

the spectra obtained were not as consistently good as those obtéined with unpolar-
ised light. Therefore large numbers of polarised spectra were measured in the
hope of eliminating inéfrumental variations by taking the average. To facilitate
the measurement of thisilarge number of spéctra 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 sfab-
fpzilised D..C. amplifier based on a design by Marcley [Bj]. Minor modifipations only

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

b~ wavelength dial of the monochromator was motor-driven at constant speed.

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

@;reflection spectra R, and Rb (electric vector parallel to a- and b- crystallographic

f 2Xes respectively) measured on the (001) face at an angle of ineidence 20°. Cor-

?ery good at short and intermediate wavelengths, fair at the longer wavelengths.
This can be seen from fig. 20 where an average spectrum obtained from the spectra
measured by the author in combination with all other reported Spectra is displayed.
TFIS average spectrum is virtually identical with that of Bree and Lyons. In the

HVeraglng procedure allowance was made for the fortunately small differences in
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The spectra in fig. 20 will be used in the next chapter to compufe optical

constants for the amthracene crystal.
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CHAPTER SIX EXPERIMENTAL ABSORPTION SPECTRA o

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 spéctrum transition by transition and then compare the energy levels of the
free molecule (solution) with those of the crysfal.

Transition I The excited state in the molecule theoretically is Bzu s0 that in the

cerystal we expect two components with a small Davydov splitting. Thé intensity

., along the b~ axis should be somewhat greater than along the a- axis. That this is
| fouﬁd experimentally can be seenAfrom the following two absorption'spectra which
are typical of meny others in the literature. They are taken from Bree and Lyons

[#8] end Tanaka [39].
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FIG 21. BREE AND LYONS FIG 22. TANAKA

Craiz and Hobbins [Bi] find that where Davydov splitting occurs for this

Component to higher. They report that at -150°C the splitting is in the range 10

t? 50 em-l, These small splittings are compatible with a Bg, upper state but not

|
|
Oscillator strengths have been measured for this transition by a number of



o

workers. ,- The formula usually used is that for the Reduced Oscillator Strength

fa,b,r.' = 144 % |o'qfea’5"c, dv T
where » is in wave numbers and € is the molar extinetion coefficient. Using
‘ this formula fa+ fb-l-fc. should be approximately equai to T for the solution. Lyons
and Morris [40] quote six velues of the oscillator strengths of the first transition.
The means of these are |

£, = 0,03 % 0,01 - £, = 0.06 ¥ 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

caleulations [38] show that a By upper state would have £y > f

a» fp but a By, upper

state would have f, = 0.0L.

The 'theoretical predictions for the first excited state are seen “co be borne
out by experiment, the evidence being overwhelmingly in favour of an Alg -» Bon
molecular transition being responsible for the crystal states.

Transition I occurs in solution at about 250 m}.c 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 £= 2.3

[21] end the theorstically predicted upper state is Bg,, the Davydov splitting is

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

‘ ting to be 16,000 ™% and" 1,000 em™t for Bz, and B.Zu upper states respectively.

b, The crystal absorption spectrum shows a
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peak at ESB%P. in b- polarisation, so assuming & Bﬁu upper state the a- maximum
should be near lQQpp.. 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 lgﬁmy., supporting the theoretical

predictions that this is a By, state.

Transition ITI. The b~ component of transition III is clearly seen in fig. 24 at

221@» » The experimental oscillator strength is beOfle [42] while theoretically'
values of 0005 and 0«2 are obtained for By, and Bgu‘stateé respectively [4@].

Since the upper state is probably Bg,, the splitting should be small and the a~-
component found near the b, This a- component is probably hiddén under andlénhanced
.by the strong a- component of transition.II. 'This would account for the unusual
shape of the a- component in the region 220 - lQO@# .

Transition IV. The small peak in b- polarisation at EOme. is taken by Lyons and

Morris to be the b- component of thé long-axis polarised transition IV. They
consider that the a- component is buried uhder the nearby strong &- absorption.h
'?T_Examination of solution spectra in the literature shows nobclear»cut.indication of
"an electronic transition in this region.

b. Transition V is intense in solution (£*0+4) and from the crystal spectrum (fig. 24)

appears to have its major component along the b- axis. Certainly T, is comparable

with f5,1,+ This would indicate a ‘short-axis polarised transition to an upper state
Boy. |

| Bree and Lyons [28] have summarised the change in the exparimentél energy
ﬁ}evels from free molecule (solution in this case) to crystal in the diégram which

i

_i§ reproduced as fig. 25. Cross-hatching indicates a region of  expsrimental un-

<

Certainty. Dotted lines show the correlation between solution and crystal.

\
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FIG 25, ANTHRACINE ENERGY LEVELS: SOLUTION AND CRYSTAL

6.2 THE PRICE-ROBINSON METHOD

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 meﬁhods. 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 waveiength throughout the
near ultraviolet.

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

;this section to obtain the optical constants. Since the teclmique, which has be-

. come known as the Price-Robinson method [45,44] is well described in the literature,

we shall not deseribe it ih 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 reflection spectrum and hence

of frequency. The Kramers-Kroning dispersion relation is then used to obtain the




imaginary part of the amplitude as a function-o? frequency. Thus we know bofh the
magnitude and phase of the reflected amplitude. Xnowledge of these quantities
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 [47]. A general description of the dispersion relation and
a discussion of it$ validity when applied to anthracene is given in Appendix A.
The fopm in which we use the relation is shown in equation (12). A description of

Bode's method of solving (12) appears in Appendix B.
m - -
- L 4 loglv(s vy, - - -
o) = % [ dhsbON 22| g BTN
° ar vo-V

magnitude of the reflected amplitude expressed as a function of wave number » .

‘6.3 CALCULATION OF THE PHASE CHARACIERISLLC

Qa(;) and 0} (») corresponding tolreflection‘Spectra R, and R, were determined
from (Ll2) using Bode's method. It was necessary for the purposes of the calculation
to extend the WaQelength range of the reflection spectra. The extension to longer
wavelengths was effected by calculating the reflectivity from the refractive indicés

.obtained between'400 and 7oowﬁg by Eitchiss Eﬁi]. The refractive indices are given
for light polarised parallel to the a- and b~ axes. Since anthracene is transparent
in this region a straigﬁtforward applicatioﬁ of Fresnel's equations was sufficient
for the reflectivity calculation.

Since there is apparently no report of anthracene reflectivities below 220@;;
.it was necessary to guess the low wavelength reflectivity. Three guesses were made
of the high frequency R, spectrum. These were based on the approximate correspon-
dence between reflection and absbrption spectra in regions‘of high absorption. The

absorption data of the previous section was used in making the guesses. The first

{f 8uess of the Ra spectrum was purposely made rather high, the third rather low. An
;ﬁ;intermediate second spectrum was also drawn. The high frequency guess of B follow-

ed CIQSely that of the intermediate Ra' The complete reflectivity spectrum of

47

Where 0(%) is the phase in radians at the particular wave number % . Iv(®)] is the
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snthracens frbm 150 %o VOOm}L is shown in fig 26. The three guesses for the high
frequency Ry and the single guess for Ry are shown.

Now it is found that the contribution to the phase at a wave number 2; from
wavelengths remote from i‘ is approximately linear in the region of ;c . Therefore
the contributions of the high frequency guesses to fhevphase in the wavelength
region of interest (220 - 40&%# ) Will be linear. .It follows that if these guesses
are wrong tﬁen the errors will also bé approximatel& linear functions of » in the
near ultraviolet. Furthermore if we choose points in the near ultraviolet wheré'
the absorption is.known to be low e.g. 283 and 400mp. , then we know that the phase
must be very small negative quantities at these points. Values of -0° 50',énd -30
0' respectively were arbitrarily assigned. Thus we know the value the phase should
take at two points; therefore it is possible %o apply a linear correction'throughout
our region R20-400m.

The correction to the b- polarised phase was very small (-00 54' and 4% 47!

at 25,000 and 32,500 em~L 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 requlred a very large positive correction. This justifies ths method
of correction. The reason for this statement is the following:

The‘calculation of the phasge involves taking the logaritim of the magnitude
of the reflected light amplitude. Since our fhird\(low)fguess let the reflectivity
tend to zero, the logaritlm of the magnitude becomes a very large negative number;
Thus +the phase obtained is very large negative, ana t0o corfect it requires a large
positive subtraction (correction). The intermediate guesses regquired 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 Ry I,_II, and ITI were found to be virtually




identical after correction. 8, was taken to be the mean of these three. It must

be noted that the wavelength dependence of the phases was virtually unchanged by

the correctidns. Peaks occurred at the same frequencies in both corrected and
uncorrected phases. Thé effect of the correction was to apply a linear shift'to.,
the phase spectrum as a whole. | _

We conclude that despite not knowing the short wavelength reflectivity of
-~ anthracene accurately, we have obtained very good phase characteristiés in the
near ultraviolaf. This is the result of applying a technigue in which errors of
large magnitude but opposite sign are deliberately genera;ed. The éorrection of

the widely varying guesses to yield virtually idemtical charactéristics indicates

that the characteristic obbained is accurate.

6.4 GALCULATIONVQEAEFFECTIVE OPTICAL PARAMETERS

We assume tbat the amplitude corresponding to the reflected iight intensities
we measure can be described by formulae similar to the Fresnel equations. Thus at
normal incidence

njﬂ-e- ikh -1
Ty o

b “ee e 13

nh+ ikh+ 1

‘%‘where h is either the a-~ or b~ érystallographic axis. By making certain assumptions
(whose validity camnot be easily checked) it is possible o show that in fact,
;é;formulae like (13) hold for the normal incidence retlectivity froﬁ the‘(OOl) face
fpf anthracene [see Appendix C;]But the quantities appearing in these formulae are -
‘éot sasily interpreted in terms of the more standard optical constants. The gquan-
%ities ny end ky appearing ¥n (l5),.however, are easily interpreted in terms of

%ur 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

'¢°?relation theoretically beitween these numbers and the constants of optical trans-

Mission,




The point of view we have adopted is reinforced by the work Sf Hopfield and

Thomas [49]. These authors have examined very closely a problem similar to ours,

and state: M this complication of the reflectivity spectrum does not reduce

the utility of ellipsometric and Kramers-Kroning determinations of optical para-

mnetersemmwe --since such measurements are related to effective optical parameters

only, and have only an indirect theoretical connection to the parameters related

to optical transmission." Although the complication they discuss is that of spatial

dispersion, the point they make is relevent. We shall be determining effective

optical parameters. By indirect mesns, however, we shall be able to infer that our

parameters bear a close analogy to the standard optical constants.

Having assumed (13) and knowing that

00
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Since we know all the quantities on the right hand sides of (14) and (15) as

functions of ¥ , the calculation of effective optical parameters ny and Ky follows

immediately. These parameters are shown in Pfigs 27 and 28.
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6.5 INTERPRETATION OF THE EFFECTIVE OPTICAL PARAMETERS

Section 1 of this chapter contains a detailed desecription of t£e 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 1t also provides a yardstick against which we compare our optical
parameter kﬁ. Obviously we want to show that this parameter 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
our ky (figs. 27 and 28) with absorption spectra in 6.1 shows that they have exactly
the same wavelength dependgnce. This is very encouraging. | |

However for identification of k_ as the optical constant we need more than

ol
wavelength correspondence between the two. We must show that our kj has the seame
magnitude as the optical constant. Since this constant is not reported in the
literature we use an indirect magnitude comparisonQ Equation (11) shows how 0s5C=-
illator strengths are calculated for anthracene. We convert our pffective optical
parameters to effective absorption coefficients <« by
. 4%

4= TR
i We can use Beer's Law and the data given in Chapter 1 to show that the molar ex-
ol tinction coefficient of anthracene is related to the absorption coefficient by
.| €(¥) = 0-062 %(¥)
| Therefore we can convert our parameter kh to effective molar extinction co-
;5 < efficients snd use equation (11) to calculate oscillator strengths. In this way
we obtain for the first absorption band:
.
;ﬁ g = 0404, £y, = 0.07
% The excellent agreement between these values and the mean reported oscillator

Strengths given in 6.1 shows that our ky parameter, in addition to having the same

Wavelength dependence, also has the same megnitude (within the limits of experimental

8rror) as the corresponding anthracene absorption data. This being so it would ,

o
Gl

i% Seem reasonable to conclude that our parameters ny bear a similar correspondence to
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the real part of the refractive index. Therefore we have obtained the optical
constants of anthracene along the a- and b- crystallographic axes throughout the
entire near ultraviolet spectral region.

6.6 THE ANTHRAQUINONE ABSORPTION .SPECTRUM.

One of the conclusions we reached in the previous chapter was that a surface
layer of probably anthraguinone 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 accqunt this lgyer. Tor this reason the absorption spectrum
of anthraquinone, as reported in the literafure, is reproduced inbthis chapter
dealing with experimental absorption spectra. | |

The spectrum has been measured by Sidman [55] who gives details of thé
structure of the first electronic transition. Since this is a very weak transition,
however, we shall ignofe the structure. Also in [55] is an energy level diagrém
for the electronic transitions in anthraguinone from which we observe that the
upper states are at 38 k em~L (log ¢ = 4.6), 30 k em~L1 (log e = 4.0) and 23 k em=t
(log € = 2.0). |

Morton end Earlam [50] have measured the solution (alcohol) absorption spece-
trum of anthraquinone. Their result is shown in fig. 29. Also in this diagram
are the three points corresponding to the Sidmaﬁ’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 cur#é to be the

© 80lid 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. THE PHOTOCONDUCTIVITY EXCITATION SPECTRUM OF ANTHRACENE

7.1 INTRODUCTION

The photoconductivity and fluorescence excitation spectra of several sub-
stances are known to be related. We shall see that this is true also of anthracene.
Thefefore, since the photoconductivity of anthracene has been widely investigafed,
while the fluorescence excitation has received much less attention, we swmarise
certain results and theories obtéining to the photoconductivity. This Will assist
in our interpretation of the\fluorescence excitation spectrum.

7.2 EXPERTMENTAL 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 illuminated
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 l/10 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 of one or two millimetres.

These two different cells have.on many'occésions 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 very good insulator. Thus the direct measurement approach is found to be
marred by electrode and space charge effects.

Pulsed photoconductivit& techniqués [51] have eliminated both problems since

electrical contaet with the crystal is not required and the quantity of charge in-

Volved in the experiment is so low that a significant space charge cannot be set up.

'E.The anthracene photdponductivity as measured directly is found to be of the order




lO‘i4 om=1 cm."l but less than 10‘17 ohm=% cmf% by pulsed methods,

The pulsed method consists simply of transmitting a pulse of light usually
about l)xsec long through semitransparent electrodes. These electrodes are gener-
ally not in electrical contact with the crystal. They provide a field of the order
lKV.cm‘l which causes the charge carriers produced in the crystal by fhe 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-
srmination of the number and drift mobility of the carriers.

7.3 THE EXCITATION SPECTRUM

Despite earlier variations (introduced mainly by electrodé and space»charge
effects) most workefs now agree that the relative quantum efficiency for the pro-
duction of carriers as-a function of the exciting light follows closely the absor-
ptién spectrum of the crystal., This Spectra; 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.v 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, bave a high probability .
of reaching the surface and we observé 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
cerystal surface where charge separation takes place. They then solve fhe same

diffusion equation as Simpson (Chapter 4.6) but with the boundary conditions deter-
mined by the assumption that 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

;1 theory then shows that the photocurrent should be proportional to the absorption

ub'coefficient. This is observed experimentaily. From their experiments with a
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sandwich cell, and the above solution of the diffusion equation they estimate values
of the mean free diffusion path UD?)lfé of an exciton ranging from 700 to 2000A
for different crystal specimens of anthracene. Since the length of thé diffusion .
path will depend critiecally on the emount of impurities in the crystal, the varia-

tion from crystal to crystal is not unexpected.

7.4 EXCITON-EXCITON INTERACTIONS

The above explanation éf photoconduction in anthracene assumes that charge
carriers are formed by the interaction of excitons with the crystal surface. There
is, bowever, a body of experimental evidence which suggests that the photoconduct-
ivity is not entirely a surface phenomenon. In particular sevefal 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 cérrier 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. TFor
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 tp 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
Smaller photocurrent observed will be primarily the result of exciton-exciton inter-

action. Normally the two processes will be mixed. The reabsorption of fluorescence

will tend to enhance this mixing.
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7.5 [THE EFFECTS OF IMPURITIES, DEFECTS AND GASES

Northrop and Simpson [58]find that impurities which gquench the fluorescence
of anthracene greatly reduce the photocurrent, but that an impurity which leaves the
fluorescence unchanged has no influence on the photoconduction. Alpha—particlé
bombardment [59], neutron bombardment [6d]and abrasion [54] 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 [66] conclude that these two
phenomena are competing processes in the disappearance bf 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 photdconductivity.

It has been dempnstrated that thé photoconductivity increases in the presence
of gases‘which are electron acceptors (e.g 02), decreases when the ambient gases
are electron donors [61]. The behaviour in the presence of oxygen has been widely
observed. It is found that if, after the increase is observed in the presence of
oxygen the crystéi is placed under hard vacuum, the photocurrent returns to its
original value. This indicates that the increase is due foAan interaction with

adsorbed oxygen molecules. It also indicates (and this has been déduced from other

experiments as well) that the majority carriers in anthracene are holes.




59

CHAPTER EIGHT EXPERIMENTAL FLUORESCENCE EXCITATION SPECTRA

8.1 DEFINITION OF THE EXCITATION SPECTRUM

The relation 4
FOY = koo IWAM -e- - 16
hés 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 jiliue

minated with light of wavelength A and intensity (after allowing for reflection

1oss)L(3). A(A) is the fraction of light absorbed by the solution, q() is the

quantum yield for the same wavelength and kh is a constant determined by the de-

tector and experimental conditions. If instead of a solution wé use a large (=

1 cms) crystal of anthracene as the fluorescent substance, then for exciting Wave-

- lengths between 220 and 400 mj all the light entering the crystal is absorbed there,

so that A(A)=1l for all wavelengths considered. Therefore if F(a) and L{A) are
measured, the ratio 5(1)/1"0 = k q(A) which we shall call the relative quantum
efficiency, can be found as a function of wavelength.

The relative quantum efficiency is c:l‘.‘osely related to the fluorescence
excitation spectrum which we shall define as -

Fo(n) = FOY/ 11 SR
where I'(;Q:I(}‘}.}\;(;‘) and Yv(A) is the intensity of the light reflected from the
crystal surface. 'We define the execitation spectrum in this wéy because all the
experimental determinations of the spectrum have ignored reflection at the crystal
surface. |

8.2 TFARLIER SPECTRA

The fluorescence excitation spectrum of anthracene for exciting wavelengths
between 220 and 400 mp  is reported by G. T. Wright [65,64] and for vacuum ultra-

violet excitation by Driver ]:65:] . Fig. 30, taken from [65] shows three excitation

Spectra. All three curves are for excitation of the (00l1)
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crystal face: (i) freshly cleaved glass smooth surface; (ii) freshly cleaved ir-
regular surface; (iii) po;ished 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 bad 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 therefors 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 effects 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




crystal should be higher for the lower absorpti@n'cdefficients, giving the inverse
relation to the absorption spectrum; The decreasse in fluorescence intensity for the
damaged or irregular surface 1s ascribed to the enhancement of sufface'eﬁcape of
fluorascenca for such a crystal. The ver& low efficiency of the fluorescence 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 anthraguinone)
producing in the surface molecular layers impurity molecules capable of quenching

the anthracene fluorescence.

8.3 MEASUREMENT TN TRANSMISSTON AND REFLECTION

The instrument used for making the reflectivity measurements was found to be
capable of ylelding fluorescence excitation spectra in both reflection and trans-
mission. It was possible to perform experiments with this apparatus which havg been
extremely useful in analysing;both the excitation speetrum and its variations.

Radiation incident at an angle of 25° was allowed to fall on the {00L) face

of the crystal. The relative positions of the probe for the reflection and trans-

| mission measurements were normal to the (00L) surface but on opposite sides of

the crystal.

- To start with both front and back (00l) surfaces were freshly cleaved. The
results of measurement of F(A)are designated CCR (éleaved, cleaved; in reflection)
and CCT for the reflected and transmitted intensities respecﬁively. Incident in-
tensities Ika)were found by lowering'the crystal and taking readings as described
in Chapter Five. |

Next the rear surface of the crystal was polished gently with soft tissue

paper, so that the glass smooth cleaved surface became cloudy. Results obtained

A
M

R _
are labelled CPR (cleaved, polished; in reflection) and CPT: 1 {») was remeasured
and found to be virtually‘unchanged from the previous measurement.

The front surface of the crystal was then polished with tissue paper, so

that the resulting spectira were PPR and PPT,
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Finally the rear face of the crystal was gleaved, giving spectra PCR and
PCT.

Fn/, A , )

I'(a) was plotted against » for values of the wavelength ranging from
220 to 340 mu , and 390 to 400 T4 . The results are shown in fig. 32 for reflection
and fig. 33 for transmission. The wavelengths 340 to 390 mp.  Span the region where
the sensitivity of the apparatus varies rapidly and in this region the values ob-
tained forIkA)are not a true indication of the incident light intensity relative
to the fluorescent intensity. To overcome this difficulty ratios of F(N)were
plotted against A, 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 c¢leaved crystal could be observed. In Tig. 34 we have ratios of
g ECp ERp

reflected fluorescence intensities CC , CC |, CC = and in fig. 35 ratios of trans-

G PR ECg

mitted fluorescence intensities OC , CC , CC " . The dotted curve in fig. 35 is

the fluorescence excitation epectrum 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) Reabsorption. 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 T (spectra CC and CP). In the case of
reflection theré is a slight decrease from 220 to about 295 mpe after which the
excitation is very nearly constant. For transmission the excitationiincreases very
. gradually at first, and is then approximately constant. Therefore whefe the exe
citation increases in transmission it decreases in reflection. This ié 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
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transmitted intensity is likely %o be relatively lower than the reflected in%ensity.
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 fhe
inverse absorpbtion spectrum. This is eleérly, however, a small effect. We see
from figs. 32 and 33 that the reflected excitation has a minimum at 285 mp. and the
Sransmitted excitation a maximum at 2851@&. Anthrécene absorption has a very mark-
ed minimum at 283 M . This supports the view that the slight structure in the
exclibation spectrum of a freshly cleaved erystal between wavelengths 220 and 340 nyk
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 283@9 oceurs at 340 me .

(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 crystal 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 excifation
efficiency. However no matter ﬁow freshly or cleanly the surface is cleaved this
inverse relation to the absorpbtion 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 Chaptsr, one of
the first calculations we perform is that of a3 long wavelength excitation spectrum

~allowing for reflection losses. Essentially all we do is subtract the reflectivity
from a constant gquantum efficiency of fluorescence excitation. The result is shown
in fig. 37. Also plotted there is the corresponding measured excitation spectrum.

#,Of G. T. Wright for a freshly cleaved crystal. The excellent agreement shows that

1 our interpretation of the freshly cleaved long wavelength structure as a reflection-
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% ’ loss effect is correct. It shows also that earlier workers were wrong in assuming

% - that the reflectividty would affect the excitation spectrum but little.

There will alweys be, of course, some defects and impurities at the surface,
- with the associated exciton trapping. At shorter wavelengthsAwhere there are
very large changes in the absorption coefficient, this effect together with feab»
sorption seems to dominate the reflection-loss mechanism even for freshly cleaved
crystals. In this region then, the simple reflection loss thgory alone cannob
account for the spectral variation of the excitation efficiency.

(¢) Equivalence of Reflection and Transmission Spectra. The PP and PC

spectra of figs 32 to 35 show that when the front surface of thé crystal is‘polish;
ed, the excitation spectra have the same appearance whether measured in reflection
or transmission. This new result was guite unexpected in view of G. T. Wright's
statements 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 reflesction ahd transmission excitati@n spectra
which are the inverse of each other. Our experiment was repeated many times 1o
verify the unexpected result. On each occasion exactly the result rep&rted above
was obtained. |

Probably the most characteristic feature of these spectra is the Very pro-
nounqed peak which appears at 283 s . This is the absorption minimum of anthracene

L

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 ef?iciency of excitation is observed. In fig. 36 the similarity be-~
 tween the PC/CC T ratio and G. T. Wrights excitation spectrum shows further that

polishing the front surface of the crystal is largely responsible for the inverse
“absorption relationship.

’

g (d) Decrease in Intensity. It is also very noticeable from figs. 32 and 33

gf_that polishing the front surface reduces the fluorescent intensity markedly from

ff;the cleaved values. We have seen that surface abrasion enhances the formation of
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probably anthragquinone. It also produces defe¢ts and it is possible that it énhances
the adsorption of oxygen molecules. The latter 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 abouts

(e) The Quantum 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 layer of anthragquinone or other oxide is shown by a study of decay times.

The guantum efficiency is proportional to the decay 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 gquantum efficiency has dropped and we have true quenching.

We denote the molecular guantum efficiency by g. This quantity is found to
be a constant independent of wavelength amd has a value 0°94 [66]. It is not
possible to measure the quantum efficiency of an isolated molecule so that the

" quantity q 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 O»Bd for a thick {lem)
crystal. This value we.call the crystal gquantum efficiency Q. We have seen, how-
ever, that the efficiency is'bighly dependent on the condition of the crystal sur-
face. When we allow for exciton trapping the quantities g and Q will be designated

. by q’ and Q' respectively. Both q’ and Q' will be functions of the exciting wave~
length., Since exciton trapping is a crystal property {(A)'is not striétLy a mole-

Cular quentum 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.

(f) Depth of Exciton Penetration. Figs. 32 and 33 show that when the front

Tace of the crystal is cleaved and the rear face polished, the fluorescent intensity,
far from being reduced from its CC value, is in fact enhanced both in reflection

and transm1551on. This can also be seen from Tfigs. 34 and 35 where the ratios

b%/CC R and T are slightly greater than wnity for all wavelengths., If zhe quenchlng
of the fluorescence when the front surface is polished is due to the diffusion to
and trapping at the surface of excitons, then the lack of an intensity drop for CP
fluorescence indieates'that the exciton is unable to traverse the thick crystal,

even by the process of reabsorption and ré-emission of fluoreseénce. The actual
enchancement of CP fluorescende is difficult to understand, but since it is small ,
may be an experimental error.

Fig. 36 demonstrates an effect’the depthof’ exciton formation has on the fluor
escence. For low values of the absﬁrpﬁion coefficient the exciton is formed We;l
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 éurface. Under these conditions the fluorescence characteristies of
the polished crystal should approach those of the cleaved crystal; among other pro-
pertles the ratios of transmitted to reflected fluorescent intensities should
approach. In fig. 36 we have plotted PP T/R, These curves come together just

before 400 mp and also approach at 283 ?f‘ —- both regions of low absorption.
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' CHAPTER NINE. THEORETICAL FLUORESCENCE EXCITATION SPECTRA

9.1 REABSORPTION AND REFLECTION

We shall use equation (16) as the starting point of this theoretical invest-
igation into the fluorescence excitation spectrum of anthracene. Since we have
decided that ¢ shall be the molecular quantum efficiency in the absence of quenching,
this-equationbis an expression for the molecular fluorescence intensity of the pure
substance reaching the detector i.e. no allowance ié maede in this equat;on for either
éuenching or reabsorption of.flﬁoresc?nceo To emphasise the latter aspect we shall
re-write the equation ﬁsing not F(a) but F;(X)to show that the fluorescence output
under consideration is' that associated with the light initially ébsorbed in,fhe
crysﬁai. In addition we assume a perfect detector and total absérption of all light
initially absorbed in the crystal, so that (16) becomes

AR RS ----18
0f the fluorescent output F;(x) an amount P E,(}} is reabsorbed, which results
iﬁ the further flugresceht output @-kﬁi(a). The process continues so that of the
neW'fiuoresqence‘q.pFo(x)We have p.Qpﬁi(x)reabsorbed, and so on. This treatment
assumes both p and g to belindependent of the number of times reabsorption and re-
emission occurs.
The fluorescence flux F(x) which escapes  the crystal to be observed is the

sum of all the flﬁoresCence emitted minus the sum of all the flux which is reabosrbed:

[+

Fon = F(a) + ’225 bq" ) - :ia b"q" F (a)

i-p
— F;(h) ---19
1-pq

p and ¢ have been determined experimentally by Wright [66] and Birks and Wright [67]
to be 0.76 and 0.94 respectively. Combining (18) and (19) we get

Fay= 079 I () Cee- - 20
which is the semi-infinite crystal equivalent of the form (18) so that the pure

erystal quantum efficiency Q is 0.79. If we use (20) in (17) we obtain

Fe(m) :. 0-79 f_l- R(x)] - - - =21
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where F,(A)is the fluorescence excitation spectrum and R(2)is the reflectivity.
According to this theory the structure in the excitation spectrum of a pure sub~
stance in which all the light entering the crystal is initially absorbsd, is due
to the variation of .the rerleéting power of the crystal with wavelength. In order
to calculate Fe(a)we need know only R(A)which we obtain from Chapter Five. FQ(A)
calculated in this way is shown if fig. 37 for wavelengths 340 to 400 I Also
shown is the experimental result of G. T. Wright fof 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 accoﬁnt for
the appearance of the complete spectrum.

9.2 FXCITON ''RAPPING

For the purposes éf the calculation we no longer think in terms of the flux
of the fluorescent light but in pérms of the number of excitonsJ{whiQh decay rad-
iatively. The proportion of the fluorescent flux reabsorbed now becomes the pro-
portion of photons reébsorbed»to form new excitons, and so on. .Thus we have zero
order, first order, second order, —------ excitons, and we reguire to know the
proportion of excitons belonging -to each order which will be trapped at the sur-
face. | ‘

Let us assume that the fraction of excitons from any one order which is trapp- -
ed in this way is w. ObviouslyAthe proportion trapped will depend on the distribu-
tion of excitons within the crystal and this in tﬁrn on the wavelength of the light
producing the excitons. We shall assume that the distribution in depth of excitons
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 rapidiy as

%, the order increases and since we have already commented upon the inability of the

§ same distribution for all orders seems justified. Certainly the theory would be-

,':coma very difficult if we were to attempt to find the exact distribution of excitons

&

|
|
|
" exciton to traverse the thick crystal, the crude approximation of assuming the
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for each order. - .
The trapping of a fracition »u(x)of our exclitons will lead to a decrease in |
the quantum efficiency of fluorescence, and clearly the new "molecular"™ guantum
efficiency a' will be
| ¢y e g [1-wen] S seem
Ey running through the same argumént as before we can arrive at an equation snal-
agous to (19): | |
Fi(ay = é'(h)Im'_'_;——gr(;; A QI - - - =23
In order to be able to calculate the fluorescence excitation spectrum from (23) we
need to know 1(3) as well as Qka)or w(r). Since exciton trapbing is takiﬁg place
it is bossible that the reflectivity can vary as the degree of trapping changes.
We use the results of Chapter Five.to correct I (A)for the various reflectivities
R(ay» In additi&n we shall azllow for absorption of part of the incident radiation
in a surface layer of.anthraquinone. Qﬁa)v@ll 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 PROBABILITY OF EXCITON DIFFUSION 10 THE SURPACE

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 10° 7 5umps® from molecule to molecule. Thg
diffuéion process can therefore be treated as a random walk. Furthermore we are
interested in the front surface only, as a region of eiciton absorption. We resolve

q each step of the walk into three components, one perpendiculgr to the plane of the
i front surface (x-direction) and two others in the plane parallel io the surféce, the

1 'three components being mutually perpendicular. Therefore the excitons can reach the

3 front surface via the x-component only. The components parallel to the front sur-

'E face cannot bring about absorption by this surface. The other crystal surfaces

g
w
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are not considered because The exciton cannottraﬁerse a thick crystal, so we regard
the crystal as being semi-infinite. Thus we reduce our rsndom walk to the one-
dimensional case.

Following Feller [68] we consider the motion of a variable point or "particle®
on the x-axis, At time O this particle is at its initial position z, énd at times
l,‘2, B,y memeee it moves a unit step in the positive or negative directions. We
assign equal probabilities to these two directions. bThe motion terminates when the
particle for the first time reaches z = 0, so that our particle performs a random
Walk'on a semi-infinite straight line with an absorbing barrier at the origin.
Feller gives the probability w(z,n) that the particle, initially at z > 0, will be

absorbed at exactly the n-th step as

w(z,n) = % ( " >‘L e 24.

) 1]
zin-2) /) 27
Chandrasekhar [69] shows that for n large and z & n, (24) can be written

i 2 : .
Mz)m:%(fﬁ')z.ew ("% | - - - =25
‘ It instead of z we introduce the net displacement x as a variable:

xz2l and n = T/t_'
where £ is the length of a step and T is the time taken for n ste@s 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

—~ - _)i 3 ' Xz e o . ()
ax,T) = T 2(ndT)% exp ('mﬂ‘ ) | 2
where - DIE 2—% QQ ' - - - . 27

The number of excitons formed at any point x will depend on the intensity of
the incident radiation at that point. Since this intensity varies as exp (~ax),
a fraction o e'w % of all the exci‘tons is formed between x amd X + 8% .
Therqfore the time rate at the time T at which ekcifons are absorbed at the surface
frbm. the region x to x 4 8x 1is

a(x,T) o exp (-x) ox

Since the eicitons have a finite average life-time ¢ beffore they decay radiatively,
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the fraction (probability) of the excitons forméd within the crystal which evéntually

reaches the surface is

T e ' '
w(@ = [ [ alx,T) o exp(-ax) dx dT - g
Putting (26) into (28) and integerating
wi(a) = [—QKE’(W{ZD.T)@?{C(Q!UDT ) - T 29

In order to calculate w(a) from (29) we need to know oz, D and ¥ . We can:
find « from the absorption spectra of Tanaka or Bree and Lyons which are redrawn

. : \/
in Chapter Six. The quantity ('D‘t ) % 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

:
&
€

Neasurement of the decay time of the fluorescence of anthracene crystals it is

assume a convenient value of 1,000 A for our.calculation of w(«) .

9.4 EXTENT OF EXCITON TRAPPING

Before we 'p_roceed with the calculation of wi(u) we remember that we have as-
sumed exciton propagation in the crystal to be isotropic, but Simpson [5]] kas shown
that this is not true. Our particular direction (perpendicular to the ‘(OOl) 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 known
decay times to estimate the magnitude of the effect of exciton capture and then ad-
just\our calculated values of w(a) accordingly. The adjusted values we shall call W, (@)

However we cannot yet identify w,(«) with w(a) 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.

For a perfectly trapping surface wywould equal w, (o)  but under any other circum-
stance w(a) is smaller than w,(«) . Therefore we write

W) = kR ow, () - - - - 30
where the proportionality constant K runs from O to 1 and is a measure of the trapping

Cross-section for excitons at the surface.

We now attempt to estimate the magnitude of W, () from decay times. In the
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g unavoidable that part of the flﬁorescance be regbsorbed. The effect of this reabsor—
i ption is to increase the deqay time. Thus_when no reabsorption of fluorescence and
no exciton-surface-trapping takes place the molecular decay time 7., 1is obtained.

This becomes ?ﬁ, when ﬁrapping occurs. For a thick crystal reabsorption takes
place and the decay times increase to %, and Té corresponding to the cases of no
trapping and trappihg'resﬁectively. Birks [70] has derived the following relation

between T, and T, :

T
"
T2
[4 . i_PCL ‘
Taking exciton trapping into consideration we have derived
’
2.
}C = ‘-Pq’

In addition we know that the molecular quantum efficiencies will be proportional to

the life-times. of the excited state:

?'”/‘z" : %/?' |

"
Combining the above three equations with (22) we get
, . _ T,.,‘ A ‘
w = — - ce --a. 31
=1 T - Pl -0) ‘

W(») depends on both the wavelength of the exciting light and on the relative trap-

’,_’ ping cross-section k. When k=0 we have no trapping at the surface and W(A)z o as

can be seen from both (30) and (31) since k= o implies 2, = 'Z'C' . When k=1 we

have perfect trapping and w(a)is identically w,(a) . We assume that an aged anth-;
racene crystal i.e. one which has beer'l exposed to light and the atmosphere for sev-

eral months, gives perfect trapﬁing. For the agebd crystal then, k=1 and 2’6' = ?;9“
with Wi(A) = w, () so that (31) becomes

¢

T
Wa(a) = 1 - 22 - - - - 32

L-be(%- ?éged)
In order to calculate Wg(8) from (32) we look for values of ?L«ged and T, in the

literature. Several values of these decay times are reported but none is for mono- ﬁ
chromatic light. Since T’agea is wavelength dependent we cannot use (32) to 1
il
I
- » , i
Tind a particular value of w(x) . We can, however, obtain a general value of W, ;

Trom (32) by using representative values of the reported decay_ times: T.= 24 n sec,
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Toged = 137 sec. lhis gives w,= 0.20.

w{a) 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 wWg= 0.20. The value 6f L which gave the best agreement
was L = 300 A. The values of w(a)calculated from (29) using L = 300 A‘are there-

fore called wg(s) .

9.5 CALCULATION OF THE SPECTRA

The total intensity of the light falling on our crystal is I'(A) . At the
surface this intensity is divided as follows: an amount T(A) ig reflected, s(a) 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.

rz

Putting this information into (20) and dividing through by I,(A) we get
'
FD‘)/I'W z Fe'(m-: Q'(A)[n-‘gm—'%@} -« ==~ 373
Qj(k) . If we put (30) into (22) and use the result with (23) it can be seen
that an expression is obtained for Cf(k) in which the only unknown is the rel-
ative trapping cross-section ko We want to calculate'spectra for which different
degrees of exciton trapping occur. We can obtain three such spectra by choosing
k ¥‘O.l; 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, b(ii) intermediate trapping and (iii) per-
fect trapping - the aged crjstal. We anticipate that fhese values correspond to
the three excitation spectra measured by G. T. Wright which are shown in fig. 30.
Thus we are able to calculate‘dl 5 Q% and dio corresponding to k =-O;l, 0.5 and
1.0 respectively.
: z{(K) . The resulté of Chapter Five were used to make the reflection-loss cor-

Tections appropriate to the three cases k= 0.1, 0.5 and 1.0.

S(A) . The absorption spectrum of anthragquinone is shown in fig. 29. The

a thickness of the layer of anthraguinone is not known so that it is necessary to
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make an estimate. Wé note that at A= 265 nyb v anthraguincne is bighly absorbing
(log ¢ = 4.8) and since the impurity layer on zn aged crystal is thought to be con-
siderable, we assume that for such a crystal nearly all light of this wavelength
which énters the crystal is absorbed by the an%hraquinone. At‘265 m}k R= O.lQ
approximately, so0 that we write 8(265 nv;} =z 0.85. Putting this into Beerts Law
togebher with logé= 4.6 we get that the procuct C qf the concentration ¢ and thick-
ness x of thebimpurity layer is Cynp = 2.0696 % 10-% moles. em. litre=t. C is the
equivalent surface density of the impurity. We have called the above vélue ClO be-
cause it corresponds to the aged crystal for ﬁhich k=1.0. For k= 0.1 and 0.5
_the equivalent surface densities are Cy = 0.1Cy, and Cg= 0.5Cyy respectively.
Knowing these densities as well as the asbsorption spectrum (fig. 29) of the impurity,
we are able to caiculate the fractions Sy, Sy and S;4 of the incidenf light which
are absorbed in the surfaqe layers of.the three cases.
We now héve all the informetion that is required to calculate excitation

spgctra from (33). We obtain three spectra F;l, F;S gnd F;lo. These are shown in

fig. Z8.

220 300 400
‘FIG 33, THEORETICAL FLUORESCENCE EXCITATION SPECTRA

These sPectra'agrée 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




76

of anthraquinone. We have seen that the trapping could be due to adsorbed oxygen
or surface defects (iii) én overestimation of the degree to which the surface layer
absorbs the incident light. |

Therefore an additional excitation spectrum was calculafed from (33) using
Cl and k¥ = 0.5 i,e. fairly high trapping with lOW'anthraquinbne concentration. R{(a)
in this case was taken to be the reflectivity of the freshly cleaved crystal. The
resulting excitation spectrum is the dotted curve in fig. 38.. This spectrun is id-
entical to Fés (R) at the longer wavelengths since anfhraquinQne is transparent
" there and has no effect on the incident radiétion, At shorter wavelengths there is
some difference though, the dotted curve resembling fairly closély, considering the
likely errors in the anthraquinone absorption sPeétrum we have éstimated, tﬁe exp-
erimental excitation spectrum shown in fig. 3L. However this is not conclusive
evidence that anthraquinone is not responsible for the trapping of excitons 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
crystal 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 shown to be different from.the true anthracence reflectivity.
Analysis of the difference indicates that the oxide is probably anthraguinone.

Effective optical parameters for a- and b- crystallographic axis polarisations
.ofvthe'iﬁcident light are obtained from the reflectivity measurémentsa In the Thesis
arguments are presented from which it can be inferred that the parameters are equi-
valént t0 the real and imaginary parts of the refractive index i.e. the optical con-
stants. To the best of the author's knowledge this is the first report of fhe optical
constants of anthracene throughout the near ultraviolet. |

Experiments performed by the author and described in this Thesis indicate that
the fluorescence excitation spectrum of anthracene has its structure 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 trapping. rom the evidence it would appear more probable that the trapping is
due to impurities, and that the most likely of the impurities is anthiaquinone.

By taking into account the absorption of part of the incident liéht in the
surface layer of anthraquinone, specular reflectance at the surface and the known
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 excitétion spectrum of the anthracene crystal. It represents
a signal advance over previous qualitative explanatioﬁs 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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APPENDIX A  THE KRAMFRS.KRONIG DISPERSION RELATION

The calculation of optical constants by the Price-Robinson method involves
the KramerséKronigvdispersion relation. Such a relation allows the real part of
a complex function to beAevaluated if the imaginary part is known as a function of
frequency, or vice versa. The only condition imposed upon the complex function is
that it be analytic in the upper half of the complex freguency plane. This ié eq-
“uivalent to assuming strict causality to hold. | |
vToll [?l] defines a dispersion relation to be a sinmple integral formula re-
lating a diSpersive process to an absorption process. These are usﬁally called
Kramers-Kvonig relations from the work of Kramers [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 ¢ in any medium - in

which the dispersion relation is obeyed; and Kronig [73] who obtained dispersion

SRR 805w

relations for the dielectric constant and index of refraction. Kronig [74] was also
first to show thatithe dispersion relation is the necessary and sufficient condition
for strict causality to be satisfied.

Strict'causality is defined by. Toll generally as the condition that "no out-
put -can ocecur before the input™, or for particular physical systems--a scattering
system-- 25 "no scattered wave can appear until the primary wave has reached some
part of the scatterer", --a homogeneous refractive medium-- as "no signal can be
transmitted faster than c.% Tb;l then proves rigorously the logiéal 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 Kramers-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 -
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and related substances. The school of Brodin [7?, 76, 77] measure dispersion curves

n(r) by an interference method using a Jamin interferometer end absorption
curves k(%) wusing photographic =nd 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 experimental k. Comparison between the theoretical and exper-
imental values of n reveals a disparity at low temperatures in regions of gbsorption
intimately connected with the exciton.

By teking into account spatial dispersion (the classical theory of dispersion
is based updn local dieletric behaviour which aésumes implicitly that energy is tran-
sported solely by means of electromagnetic waves. When there is an alternative means
byiwhich 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 end refractive index of an electromagnetic wave in a crystal
in the region of exciton ab;orption. These equations go over to the corresponding
formulae of classical crystal optics as the temperature is increased or as We move
to. frequencies other thag those of the exciton absorption region.

Hopfield and Thomas [49] develop the.theOny of spatial dispersion in the-region of

an exciton band for an exciton of npn—infiniﬁe effective mass %o obtain an-expression
for the reflectivity in this region. They find a radical departure from the shape

of reflectivity peaks expected from the classical theory, the most striking aspect

of the new peaks being very sharp subsidiary sPikes.. These spikes are observed
experimentally when the temperature is below 20° K. Above this temperature the re~
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 Kramers-Kronig relations near sharp exciton dispersion peaks which
we have quoted in Chapter 6.4. In addition to the fact that we are satisfied with

obtaining effective optical parameters, we emphasise that spatial dispersion intro-

duces complications only at very low temperatures (we work at room temperature) and




80

over a very restricted frequency region (our mea§urements 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. :




gk

e SRR

81

APPENDIX B ON- THE SOLUTION OF EQUATION (12)

The solution of equation (12) to yield the phase @§(¥)  is a long and tedious
numerical exercise. The method of.solution we havelchosen is that of Bode [4?].
It is clear that the reader should be familiar with Bode's mefhod in order that such
things as the correction to the phase which is made in Fhapter 6.3 might be moré
readily understood. Rather than give a detailed dgg@gipﬁion of our part-
icular solution, however, we consider it sufficient éo discuss the application of

Bode's method to equation (12) in general terms.

1. The reflectivity R{ = irgz) is converted td ﬁ Y(?)ﬂ . and a curve of
..loge vl v t@gm v piotted. The negative sign is used for convenience in
plotting. Such a curve is of course drawn for each of the spectra Ry and Ry. 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 yieiding 8, (%)
and 95(5) respectively. We call the log-log plot the real characteristic, the

phase @ the imaginary characteristic.

2, In theory it is necessary to know §?(§)§ over all wave numbers from
0 to._es ., In practice EW(g)ﬁ need bé known only over a range somewhat
greater then that of intefest. The extension of the reflectivity R to wavelengths
beyond the near unltraviolet {our range of interest) is described in 6.3. The error

introduced by not knowing be(o) | at extreme wave numbers is negligible.

e 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 feal characteristic., This is the result of the relation (12)

between real and imaginary éomponents involving a smoothing out or averaging out of
the real characteristic. If the major trends are correctly represented, therefors,

the imaginary characteristics corresponding to the true real characteristic and to

- bhe straightline_approximation to it should be much-more nearly equael bthan are the
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true and appr'o:xima'be real characteristics themse.lvesq

4, We denote the separation of the ordinates of the m-th straight line segment in
the above approximation by h, nepers i.e. if the endpoints of the m-th line are
characterised by ordinates = i@% be,d and - !,o% fe,t then

by = lagy trl-logg tny < log, |7

h for each of the straight line segments is obtained from the real characteristic.

nepers

5. The abscissae of the endpoints of the m-th segment are loglo v, and log)g %

-

From these we obtain ¥ and Y end hence the geometric frequency centre ¥,

=

segment. Parameter ay is calculated from either B, ® Yo / ;ﬁ or
5 :

O = z/§m° . A parameter a is calculated for each of the straight lines.

o of this

6.  We have now characterised each straight line segment by three numbers: b, ¥, and a.

7. 'Bo-de solves {12) for a linear real characteristic (i.e. a straight line seg-

ment) which has h =1 f‘;sper.‘ The solution is obtained for & large number of c¢losely

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

2 . 1Y » Py . . 7
hag -chosen h=1 throughout, the ordinate scale of his curves has units radians.neper—+.

This quentity is plotted against y/f/; .
8. Consider the m-th segment. We have already determined the parameter a, for

this segment. Therefore we can immediately choose that curve from Bode's family

of curves which is appropriate to the m-th segment.

9. This curve is the imaginary characteristic in radians.neper“l given as a

. function of le'% . We know ¥ for our segment. Hence we can obtain the im-

-1

aginary characteristice in radians.neper ™ as a function of ¥ for the m-th segment.

10, . Our particular segment has en ordinate separation Iy nepers. Therefore we

convert the imeginary characteristic from radians.neper—l to radians by a simple




multiplication by hy.

- ovrawoR

11. The previous step has yielded the phase 8,(V) which corresponds to the m-th

segment of the real characteristic. The contribution to the phase from each of the

Pbartipa s

segments is obtained in like manner. These contributions are summed to yield the

imaginary characteristic 9(v) . We have solved the dispersion relation for o .
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APPENDIX C  ON THE DERIVATION OF EQUATION (13)

The derivation of the Fresnel egquations of reflectivity for an isotropic
medium is straightforward and can be found in many text-books. We wish to apply
this theory to enthracene. Anthracene is, however, electrically anisotropic.
Thefefore the relations between the electric, displacement and current vectors which

appear in Maxwell's eqguations become complicated. In particular the dielectric

constant and conductivity become symmebric second—oféer tensors. In general these
tensors have different principal axes. We lét X, ¥, 2 refer to the principal di-
electric axes, x', y', 2’ to the principal conductivity axes. It is possible to
express one set of axes in terms of thé other by using the follbwing direction

cosine scheme

% y z
¥’ E, ", f,
Y ¢, My Ny
2| 4y My 0y

Now the b- crystallographic axis of anthracene is an axis of symmetry. There-
fore boﬁh the dielectric and conductivity tensors must have a principal axis which
‘céincidas with this symmetry axis for all frequencies in order that the tensors
remain unchanged by the symmetry operation. If we choose y and v’ to be the common

axis coinciding with the symmetry axis b, then the direction cosine scheme becomes

9% ¥ 2 Where Q = cosine of the angle between
X1 Lo -b x and x’ or between z and z'
y'| o 4 0 and p° = 1-4%

2| b o ¢

With this scheme it is possible to express the components of current density along

the principal dielectric axes in terms of the principal conductivity values:

Jn = G'Xl Ex: ﬂ + G"I.’ Eﬁ‘ k’

: SRR
' 2 ),
By = 9, E,
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The theory of propagation of electromagnetic waves in an absorbing medium gives

- = ! ==

< —-’—. . - e = -

5.D = 15 (s-3) c2
where the symbols have their usual significance. We went to know under what con-

-l

ditions we can consider the displacement D to ve perpendicular to the wave-nor-

mal $ . Putting (Cl) into (C2)

5.D = '515{"',4(5 L-5Eb) vo, (s,Ey) ¢ 6‘2,(SXEZ,§3+SZEZ,£)} - ---C3
This is not generally equal to zero. However if the conductiviﬁy 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 of interest, but when the photoconductivity is measured using these
wavelengths for excitation, a value typically less than 10"17 olm-L em~t is ob~
tained [BLl]. In the theory that follows it is tacitly assumed that

- -
s.D =0
Ir light is reflected from the (00L) crystallographic face of the anthracene

‘cfysxal with the (010) face in the plane of incidence, then two of the principal
dielectric axes (x,2) are contained in this plane. The optic axes of the (biaxial)
erystal are also contained in this plane.

~ Now the two directions of D in the biéxial cfystal corresponding to- the
wave—normallg are the internal and external bisectors of the angle between two
plénes, each of which contains the wave-normal and one of the optic axes. Apdlying
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 Fresnel'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




Q
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purposes to show that an eguation which is of the same form as the Fresnel formulae

does apply to anthracene under the assumptions and orientation of the erystal we

have specified,

< S AT
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SUMMARY ,
ONE A brief description of the geometry of the anthracene moiecule and crystal

is presented. This is included to make later Chapters more meaningful. In addition
a method of locating crystallographic axes and faces is described.

TWO In this chapte: the energyvlevels of the anthracene molecule, as calculated
by Coulson using the LCAO molecular orbital method, are presented. The ground state
is found to be A, and the first three excited stateé Bous BBu and Bg,, in increasing
order of energy respectively.

THREE The extension of the theory of the energy states to the crystal, és ﬁer-
formed by Davydov, Craig, Hobbins and others is reviewed. It is shown that each
moleéular 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 mot a stationary state so that the energy of excitation moves

from molecule to molecule; Thus we are introduced to the exciton, a concept which

is of great importance to this Thesis.

~.FOUR  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

féke»and then the decay, trapping, scattering and diffuéion of molecular excitons
are reviewed, In this way we are made familiar 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 giﬁene The results of
an investigation intc the effects of varying the condition of the reflecting sur-
face is presented. These results are used in a later chapter to calculate fluor-~
esceﬁce excitation spectra.

SIX  The ui%raviolet absorption spectrum of anthracene measured by conventional
technigues is'discussed. The Price-~Robinson method is then applied to tbe‘reflect-

ivity data to yield effective optical parameters. By comparison with the convention-

al absorption spectra we are able to infer that these parameters are equivelent 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.

SEVEN  Because it is not unrelated to the fluorescence exéitation; and has received
much attention from researchers, the photoconductivity excitation spectrum of anth-
racene is discussed. ZEmphasis is placed on the interpretation of the photoconduct-
ivity in terms of excitbﬁs. This aids our interpretation of the fluorescence ex-
citation spectrum. - |

EIGHT  After defining the fluorescence excitation spectrum to be caléulated, the
experimental resulté of G, T. Wright are given. The author's 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 quantitativé

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 excitons trapped at the surface. This determination combines

the random walk of the exciton with 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 requirements on a

complex function for the relations to be applicable arepresented. Experimental evidence
on the validity of the application of the Kramers-Kronig relations %o the dispersion
process in anthracene is analysed. It is concluded that thé relation can be used in
our particular case, -

B The application of Bode's'ﬁethod of solving the Kramers-Kronig relation to

equation (12) is discussed. A step~by~step description of the solution in a general

case, rather than our particular case, is presented.

L R N S
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c A summary of the important mathematical mgnipulations and assumptions used
in deriving Fresnel reflection formulae for anthracene is presented. The particular

case of reflection from the (00l) face, with the (0l0) in the plane of incidence,

is treated.
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