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ABSTRACT

A variational calculation is carried out to estimate the emission
energies of F (II) centres in alkali halides. The F (II) centre is treated
as a hypothetical molecule immersed in a dielectricAcontinuum. The
hypothetical molecule consists of a single electron moving in the field of
two unit positive charges and a central anion of effective charge 2
different from unity. The ground and first excited states of such a
molecule are evaluated as a function of interionic separation and effective
charge from which the emission energies of F (II) centres are deduced
through a semi-empirical scheme. !

lattice relaxation is treated in the point-ion model with Coulomb and
nearest neichbour Born-Mayer interaction. Only the zeroth order displacement
of the saddle point ion and its two nearest neighbours are considered. The
excess electronts charge is represented by point charges of e at the
centre of each potential well in determining these displacements. The set
of displacements then determine Z, which forms a single-parameter
characterization of each individual centre. Surveying the list of these
values of Z reveals that there are three outstanding candidates as new
type II centres beside the four experimentally known ones.These potential
F (II) centres are NaF:Li,RbF:Ii and RbF:Na. Their emission energies
aﬁe estimated by using the molecule to be 0.915, 0.513 and 0.591 eV,

respectively.
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LIST OF DIFINZD SYMBOLS

lattice spacing.
Bohr radius.
Born-Mayver repulsive pirameters,

constant deterniined from ¢ = rab/f§ a

coefficient of central orbital of the electronic
wavefunction.
displacements of Saddle-Point anion, nearest

host cation and impurity cation,

misfit parameter,

electronic charge.

electron volt.

energy of model molecule immersed in dielectric
medium,

energy of model molecule in free space.
Planck's constant.

Boltzmann constant.

high frequency dielectric constant.

normalization constants.

interionic separation cf model molecule in

free space.

distances of electron from positive charges at

sites A and B respectively.

distance of electron from central charge.

effactive separation of two-well potential.
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potential
direction
potential

effective

from a cation vacancy along (llO)
in NaCl-type lattice.,
due to a perfect NaCl=type lattice,

charge of Saddle-Point anion.,

localization parameter of electron,

liadelung's constant,
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CHAPTER 1

FA<>CENTRES TN ALKALI HALIDES

1.1, Introduction

Colour Centreshas been one of the major reseach themes in Solid State
Physics during this century. The terminology is derived from the early
observation that certain ionic crystals become coloured when exposed to
cathode rays, each with 1ts own colouration. Subsequent investigations
have revealed that the phenomenon is due to selective absorption of
1icht by defects present within the crystal lattices. A thorough review
of the early work is the two articles written by Seitz(l)' Of the
aumerous defect centres that have been identified,the F—centre in alkali
halides, which consists of an electron trapped in an anion vacancy, has
attracted particular attention because of the simplicity of the structures
of both the defect and the host lattice.

The standard methods of creating F - centresﬁn the laboratory is by
irradiating the ionic crystal with X-rays, or heating it in an excess of
alkali vapour. ?he X-ray frees electrons from the ionic cores into the
conduction band, which are then trapped by the anion vacancies already
present in the lattice at temperatures higher than absolute zero. Application
of alkali vapour causes alkali ions to adhere to the surface of the
crystal, which then draw halide ions from the interior of the crystal,
creatines anion vacancies to trap electrons. The optical absorption
nands, known cormonly as the F-bands, are invariably bell-shaped and

in the visible part of the spectrum. With increasing temperature,

2
[ ()

half-width of the band is increased and its peak is shifted to the
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low energy side. The emission band, which is due to the radiative transition
of the excited F-slectron to the ground state, has similar characteristics,
and is on the low energy side of the absorption band. The shift between
absorption and emission enercies is known as the Stoke's Shift.

Fowler and Dexter(z) showed that the common Einsteints coefficients
governing the farious optical transition probabilities of the electrons in
free atoms do not apply to excess electrons in a host lattice, such as
F-centres. The qpalitétive picture is that the configuration of the host
lattice is sensitive to the state of the excess electron. After optical
excitation; the lattice around the defect will relax to a new configuration
in such a way that the total energy of the system is a minimpm. This is
commonly known as the Relaxed Excited State (RES). Emission takes place
between the RES and the ground state for which the lattice is in the same
confisuration as in the RES, in accordance with the Franck-Condon Principle.
Finally, the electron goes back to the ground state through a radiationless
transition. Thus, the gmission energy is less than the absorption energy,
civing rise to the Stoke's Shift. Both the energy level diagram and
confisuration co-ordinate diagrams are shown schematically in fig.l.

1.2. The Optical Transitions and Reorientation Energies in Fp- Centres.

Because of the perfect cubic symmetry of the F-centre, the p-type
excited state is triply degenerate,and according the the Jahn-Teller Theorem,
this degeneracy is unstable to lattice distortion. One way of breaking the
symmetry is to substitute one of the six nearest neighbour cations of the
Fecentre byféation of another species. In alkali halides, if this substituted

impurity is another alkali ion of smaller ionic size, then, the centre is

called an Fp-centre. The model of this centre in KCl:Na (KC1 doped with Na)
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is shown in fig. 2. A thorough review on the physics of Fj-centres is
given in ref. 3.

The presence of the impurity ion perturbs the F-centre in the
(100) direction and as a consequence, the excited state is split into
two. One is non-degenerate (100) oriented and the other is doubly
degenerate, oriented perpendicular to (100). The absorption peak is
thus dichroic, with the component parallel to the (100) perturbation
called the Fyq band, and the other called the Fpp band.However, the
emission peak remains a single one, showing that there is no splitting
of enersy levels in the RES., The absorption spectrum and energy level
dia~rams of the Fp centres are shown in fig. 3.

The size of the splittinE in KCl:Na was treated quantitatively
by Kojims, Nishimaki and Kojima?h), who wrote the wavefunction of the
excess electron as a Linear Combination of Atomic Orbitals (L.C.4.0.)
localized on the six nearest cations, assuming each orbital Lo be a
mixture of s and p-type’in the ratio of 3:1. After making certain
approximations on the sizes of various matrix elements of the expectation
values of their model Hamaltonian, they found that the perturbation due
to the substituted impurity caused the ground state energy level to
drop by a small amount. The splitting of the excited state is 0.25 ev.,
which agrees very well with the experimental result of 0.22 ev.

A1l the Fp~ centres that have been investigated experimentally.
can be classified into two distinct catagories according to their
enission properties which, from now on,will be referred to as type I

Fp—centre ( FA(I)) and type II Fp-centre ( FA(II)).
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1.2.1. Type I Fp-Centres

Up to now, there are seven experimentally inown FA centres

(3)

that have type I behaviour. They are KCl:Na(B), KBr:Li(B), KBr:Na" 7,

e (3), RoBraLi(5), RoBr: x(3), RoT:14

(5)

The emission characteris—

tics of these centres are quite similar to those of ordinary F-centres

and are surmarized below.

(2) The single cmission band has a half-width similar to that of the F-

centre., In KCl:Na a§ low temperature, it is 0.27 ev. with energy
(6

peaked at 1.12 ev, The half-width broadens with temperature and

roughly obeys the equation:

H2¢T) _ '4;’4a
- ccfh(zﬁ_r) (1-1)

where  H(T) = half-width at temperature T

k =Boltzmann Constant

lﬁl = effective coupling rfrequency
The effective frequency )41 here is to represent the overall coupling
between the excess electron and all possible lattice vibration
frequencies. In KCl:Na, it is found Lo be around 4.7 x 10 L secL,
The lifetime of the excited state of F-centre was first measured
by Swank and Brown(v) who found that it is of the order of ]_O"'6 sec.
This is surprising on the basis that it is two orders of magnitude

(8)

lonzer than that predicted dy iott and Gourney' ', whose theoretical
ar-ument save the order of 10~8 sec. Spinclo and Brown(9) later
made measurement on the lifetime of the RES of Fp-centres,and
obtained somewhat smaller values than for the unperturbed F-centres.
(f.z. the lifetime in KC1 is found to be 0.58 x ZLO"6 sec. while that

V4
in KCl:la is 0.53 x 107 .sec.)



(a)

Type I Fp-centres can be ionized at relatively high temperature or

by applying an electric field. In both cases, electrons are excited

into the conduction band and quantitative measurement of the conduction
current elucidates the size of the energy gap between the RES and

the conduction band, which is found to be around 0.1 ev.(ll) The
existence of such an electronic state just below the conduction

band is also consistent with the presumed diffuse nature of the
electronic wavefunction,

The presence of the substituted cation adjacent to an F-centre reduces

the Oy symmetry of the defect centre to Chv, Thus, the Fp-centres

are sensitive to directions in many respects. If the axis of the
centre( i.e. the direction from the anion vacancy to the cation

impurity) is (100), then, the centre is capable of reorientating
itseldinto one of the four directions equivalent to (100), correspond-

ine to the migration of one of the anions at (110), (110), (101) and
(ldi) into the original vacancy. If the reorientation is to oceur,

the micratins anion must have sufficient energy to overcome the
potential barrier on its path and thus the probability of reorientation
is a function of temperature. This is found to be so for the FA(I)

centres and in fact at low temmerature, we can write:

o = N (- Eu [4T) G2

where ”lR. = efficiency of reorientation

Er

7?0 = empirical constant of the order of 103

i

activation energy

The reorientation process comes to saturation with 7[,2’.}; 2/3 at
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high temperature and is frozen out at low temperature. Experimentally, it
is observed that the activation energy ER is much higher when the excess
electron is in the ground state than when it is in the excited state.

( 1.25 ev. and 0.09 ev. respectively in KCl:Na )

1.,2.2. Type IT FArCentres

There are four FAfcentres that exhibit complétely different emission
properties from that described above., They are KCl:Li(B), RbCl:Li(B);
KF:Ii(lz) and KF:Na(lz). The peculiar behaviour of this group of centres
was first observed by Spinolo and Brown(g) who were carrying out experiments
to determine the lifetimes of the R&S of KCl:Na; KBr:Na and KCl:Ii, and
reported the latter to be an tinteresting and anomalous casef. The details
of the emission properties of FA(II) centres- are given in ref. 3 and are
summarized below.

(a) Unlike FA(I) centres, the FA(II) centres show exceptionally

‘ large Stoke's Shifts and very narrow half-widths of their

emission peaks ( e.ge in KCl:Li; the half-width is 0.045 eve.

and the energy peak is at 0.46 ev.). .

(b) The lifetime of the RES of KCl:Liwas neasured by Gramm(lB) to
be 8 x 108 sec. This is about seven times shorter than that
of an unperturbed F-centre in KCl. This is an unexpected
result since the introduction of the Ii ion lowered the emission

energy. from 1.24 ev. to 0.46 ev. and according to the relation 3

3

|
A2| = "':‘E' O( \)‘z



(c)

(d)

vhere A, = emission probability

T

I

lifebime of the excited state from which emission
takes place

)J‘ 0 = frequency of emitted energy
we should expect the lifetime of the RES in KC1:Ii to be
(1«24/0.46)3 2 20 times longer than that in F-centre in KCl.
Experiments performed by Link and Lu’oy(ll") have shown that F,(II)
centres cannot be ionised thermally or by applying électric
field. This is an indication that the RES of type II centres are
separated from the conduction band by a relatively large energy

gap, a fact which is also consistent with the observation of

Jarge Stokets Shift. Assuming
Nion = TV w?.(»AE/%T) (1.3)

efficiency of ilonization

I

where '7z ion

T = lifetime of RES
V = effective coupling frequency
AE = energy gap between RES and conduction band

using measured values for T and ¥ with the fact that °z fen 1s
less than 1% at temperature 200°K,ATE is found to be at least
0.27 ev., a value more fhan twice as large as it is in the F-or
Fy(I)-centres.

Reorientation of the centrets axis also occurs in type II centres
after optical excitation. Vhereas in type I centres, the
reorientation efficiency depends on temperature due to the

finite potential barrier, the reorientation efficlency of Fp(I1)

centres is completely independent of temperature, heing 0.52+ 15%
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at all te peratures, Thus, after optical absorption,

the anion has roughly a 50% probability of jumping

into the vacancy where the F-centre originated.

Since an activation energy of arcund 0.1 eV. is
required for reorientation to occur in F4(I) centres, the
process is frozen out at temperature below lOO°K, whereas
in FA(II) centres, the reorientation efficiency, being
independent of temperature, still continues to be roughly
50%., Thus, measurement o{ the temperature dependence of
the reorientation process forms an unambiguous experimental

criterion in distinguishing F(I) and Fy (II) centres.



| 2a

1.3. The Saddle Point Configuration (SPC) of Fj(II) Centres.

Following the discovery of the anomalous properties of KCl:Li,
Lﬁty(a) proposed the Saddle Point Configuration (SPC) model to explain the
anomality. The SPC is such that, in the lattice relaxation following
optical absorption, one of the four (110) anions is drawn into the inters-
titial position (3,%,0) so that the excess electron sees a two-well
potential with a high barrier in the middle. (see fig. 4) The following
mechanism for the stabilization of the SPC is proposed by ILuty : |

Normally, the SPC of the RES is not the minimum energy configuration
due to the high repulsive potential betweem the Saddle Point (SP) ion and
the various host ions, and actually, in the Fj(I) and F-centres, this is a
maximum energy configuration, giving ' the height of the potential barrier
in the reorientation process. Thus, in order to have reorientation to take
place; the anion must have sufficient energy to overcome this barrier.
However, as was pointed out by Gucclone and Tosi(15)’ the riobility of the
anion across the barrier is a sensitive function of the form of the .
repulsive potential used, and thus we expect the impurity cation in the
FA-centres to play a determinin9 role in the formation of the SPC.
In particular, since substitution of a small impurity will reduce the
repulsive, energy, the SPC should be more favoured in centres with small sub:
titutional impurities ( B.g. KCl:Li) than in those with largeriones ( €.g.

KCl:Na, KC1:Rb),
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Beside the energy economy amongst the ions, there is also the role
of the excess electron. As was méntioned before, in the SPC, the excess
electron sees essentially a two-well potential whereas in the Vacancy
Configuration (VC), it sees a single potential well. Now, the simplest
state for an electron moving in a single potential well are.the 2p and 1s

‘ approxnimated by
type of wavefunction, while in a two-well potential, they are,antisymmetric
and symmetric combination of 1ls orbitals centred on the wells. However, in
the alkali halide lattice, the two-well potential provides a stronger binding
for an electron in the antisymmetric L.C.A.0. state than does the single
well potential for a 2p electron. Thus, if the former is lower lying in
energy, relaxation from the single well potential and 2p electronic state
into the two-well potential SPC will result in the lowering of the energy
of the system. Therefore, whether the SPC will be stabilized depends on
the two competing energy considerations— the positive repulsive energy
amongst the ions and the negative contribution due to the iower lying
electronic state. In the type I Fj-centres, the repulsive part still
dominates, and the VC results. However, the potential barrier is lowered
to a large extent because of the cancellation of the two energies, and the
reorientation energy becomes very small (0.09 ev. in KCl:Na). In the type II
Fp-centres, the smaller size of the substitutional cation impurity reduces
the repulsive part of the énergy balance considerably and the overall result
is that the SPC is fovoured  energetically.

The above explanation due to Luty is qualitative. Ong and Vail (OV)(Zl)
havecarried out a full scale calculation on the various contributions to
the overall energetics in the VC and SPC. They used a point-ion model with

ion-size correction due to Bartram, Stoneham and Gash(zy), and lattice



relaxation up to the fourth nearest neighbours are treated self-consistently
with the excess electron wavefunction. What they found is different from
the picture described by ILuty, in that the electronic potential energy in the
SPC is higher than that in the VC, but the contribution due to the ions in
the lattice is more in favour of the SPC than the VC. The latter, however,

cannot counterbalance the former and what actually stabilizes the SPC is the

electronic kinetic energy which is lower in the SPC than in the VC,

The physical intrepretation that can come with the result of this

calculation is that, although a two-well potential provides a tight binding

IS

for an antisymmetric L.C.A.O. wavefunction, the depth of both wells is shallower

than the single well in the VC, due to the presence of the SP ion. Thus,
the electronic potential energy in the SPC is higher. As far as the lattice
energy is concerned, if the various ions in the neighbour-

. hood of the defect are allowed to relaxed self-consistently

with the excess electron wavefunction, the SPC is actually

a lower energy configuration relative to the VC., On the
other hand, the kinetic energy of the excess electron in
the SPC is considerably lower than that in the VC due to
its more diffused wavefunction. This, together with the
lower lattice energy, counterbalances the high electronic
potential energy and stabilizes the SPC in KC1:Li.

Thus, we See that the arguments of Luty and OV
for the stabilization of the SPC are based on different
mechanisms, We cannot claim with certainty which one has
a more reliable insight, since the former's reasoning is
strmt%y intuitive, while the latter's calculations are
based on a specific model. But, Lﬁty's reasoning is

seen to fail in the context of 0OV's model,
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Quantitatively, Lﬁty(j) has introduced the concept of 'misfit parameter?
to explain the occurrenceof Fu(II) centres. The misfit parameter is a

function of the host lattice spacing and ionic radii, This will be
described in section 5.1.

Because electric dipole transition requires the initial and
final electronic states to be of opposite parity, and the Franck-Condon
Principle requires that the same lattice configuration occurs before and
after the transition, we should expect the final electronic state of the
SPC emission to be a symmetric combination of orbitals centred on the
two wells., Now, a two-well potential can only bind a wavefunction made
up of symmetric combination of orbitals rather loosely, and a single well
potential provides a relatively deeper binding for a ls wavefunction,
therefore, the saddle-point ground state becomes unstable and eventually
relaxes to the VO ground state.

As indicated above; emission in Fy(II) centres is between
antisymmetric and symmetric two-lobed wavefunction in the SPC, because
these two states overlapped with each other more strongly than the ls and
2p states. the higher transition probability and shorter lifetime than
for the type I centres can readily be understood since :

| = s>
Aﬁ”‘:—:ﬁ; =4 j\{’kb\“’“d*

"
where A = transition probability
'C%*~ = lifetime of state from which transition takes place

\'P% w, = initial and final electronic wavefunction
/
The SP ion retreats back to one of the two vacancy sites to
restore the ordinary vacancy configuration, and the one to which it will

go is essentially random. Thus, we should expect the reorientation
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efficiency to be exactly 50% and that it should be completely temperature
independent. This is in agreement with experiments.

1.k, Application to Infra-Red Laser,

The optical processes of F-centres in alkali halides form >a
four-level system which is appropriate for laser action, but the broadness
of their emission bands ( typically of the order of 0.2 ev. ) have
prevented them from being of any practical value. The type II FAgcentres,
because of the very narrow half-width and short lifetime, however, is a
promising lagser medium. ILaser action in KCl:li was first reported by
(16)

Fritz and Menke'™ ’, who observed laser emission at 2.7 m (22 0.46 ev. )

after pumping a crystal containing 1016 Fp~centres per c.c. with intensive
flashes of 20-50 joules of 10 - 20/u sec., duration. Following Fritz and
lMenke, Mollenauer and Olson(l7> were recently successful in building a
continous wave laser, operating on the same principle, and tunable over
the range of 2.6-2.8/4m. Their crystal contains 1-2 X 1017 Fp-centres per
c.c. at 77°K, for an output of 5uW at 2.7#m. A 300 umW puuping input is
required, the threshold for the laser action being 50 miW.

Lasers in the infrared and near infrared region can have a
variety of practical advantages, especially in the field of molecular
spectroscopy. The FA(II) centres, beside providing the appropriate emission,
can be obtained relatively inexpensively and thus lasers based on such a
medium can be manufactured economically. One disadvantage is that the
operating temperature has to be rather low ( 77°K ). Although Hollenauer
and Olson also reported that the same laser can be made to operate up to

a temperature of 200°K, the threshold pumping power had to be tripled

and the actual pumping power is considerably higher than that at low temp-

erature. The major difficulty that prevents high temperature operation
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is that thermal agitation causes leakage through the conduction band and
thus depopulate the RES to a point where population inversion cannot be
maintained, In view of this, therefore, it is of both theoretical and
practical interest to investigate the following questions :
(a) Of all the known Fp(II) centres, which one has the largest energy gap
between the RES and conduction band? That is, which one is most
stable thermally to enable operation with relatively low power and
high temperature?
(b) Are there excited states between the first RES and the conduction band?
(¢) Beside the four FAgcentres which are known to have type II behaviours,
are there other undiscovered ones which have the same emission char-
acteristics ?
(d) What are the emission energies of these undiscovered type II centres ?
To answer the first question we need to know the position of the
conduction band relative to the RES of the excess electron. No experimental
work had been done so far to give a conclusive answer. Furthermore, although,
for the unperturbed F-centres,sufficient evidence has been gathered to
indicate the existence of higher excited states beyond the first one,
similar to those of the hydrogen atom, no serious effort had been directed
on the same line for the FA(II) centres. These topics by themselves deserve
thorough investigation and we make no attempt to tackle them in the present
project. We are here concerned with the last two questions, for which we
try to similate the emission process by a molecular model immersed in
a dielectric medium and the SPC emission energies are calculated, without
regard to whether the SPC is actually stabilized energetically.

With the four alkali cations ( Ii, Na, K, Rb ) and four halogen
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anions ( F, Cl, Br, I ) we can construct 48 different crystals from the
different combinations of the various host cations: and anions and impurity
cations. Discounting the 24 in which the impurity cation is larger than
the host cations, we are left with 24 ¥ -centres, of which most will likely
have type I behaviours, and some have type II. In principle, the SP
emission energies of all these 2L crystals can be calculated in the frame-
work of our model; but those for which the SP is not stabiligzed would not be
of immediate interest. In the course of our work, however, we shall see
that we are led into a fairly tempting criterion to identify undiscovered
Fp(II) centres, and their emission energies will be worked out.

A complete list of Fp-centres that have type II emission character--
istics and their emission energies ts of practical interest in the develop-
ment of infrared lasers, as this can extend the range through which the
laser can .be tuned by selecting the appropriate medium. The following

calculations are an attempt to tackle this problem,
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CHAPTER 2

THE MOLECULAR MODEL FOR THE TMISSTON

PROCESS OF F,(II) CENTRES.

2.1, F;(II) Centre As a Hypothetical Molecule Tmmersed In a Dielectric

Medium,
The optical absorption of F2+ centres, which consist of an electron
trapped in a (110) anion vacancy pair; was first treated by Herman, Wallis
- and Wallis(ls) theoretically as a H2+ jon immersed in a dielectric continuum.
The H2+ i6n is made up of an electron moving in the field of two positive
charged nuclei separated at an equilibrium distance. Thus, each anion
vacancy is simulated as a positive point charge and the lattice as a
dielectric medium characterized by the optical frequency dielectric constant
of the crystal. The calculation was greatly simplified because the various
energy levels of the H2+ ion for a large range of internuclear separation
was already well tabulated by Bates, Ledsham and Stewart(lg). The
calculated emission energy,absorption coefficient and oscillator strength
in KCl based on lthis model are in very good agreement with experiments.
Following the success of the above authors, Aegerter and Lﬁty(zo),
while still using the same model, improved the calculation by allowing an
effective dielectric constant in the place of the high frequency dielectric
constant of the crystal; and an effective two-well separation in the place
of simply the nearest nelghbour distance between two anions used by the
earlier authors. Further, by assuming the effective dielectric constant
and the effective two-well separatiéh to be relat?xi to the two unmodified

crystal parameters by constants which are independent of the host lattice,
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they were able to obtain transition energies in close agreement with
experimental results for the six crystals that had been investigated then,
and predicted those that had not,.

The RES of FA(II) centres differ from the F2+ centres in that there
is the SP anion situvated in between the (110) anion vacancy pair. In view
of the success of the calculations on the F2+ centres, it is suggested in
ref, 12 to apply similar treatment to the FA(Il) emission process using a -
molecular model consistingof an electron moving in the field of two positive
charges and a negative one situated midway along the line joining them. For
reasons to be clarified in the next section, the charge of the negative ion
in the middle is necessarily different from unity.

Neglecting ion-ion interaction, we can calculate the energy levels
of the electron moving in the potential of these three ions as a function
of the interionic separation.. Then, we make appropriate modification to
incorporate the effect of the dielectric medium into which the molecule
is supposed to be immersed.

2.2. Effective Charge Z Of The Saddle Point Anion,

So far in the discussion on the RES of type IL Fj-centres, we have
neglected the relaxation of the lattice around the SP ion. The presence of
of the SP ion and the vacancy pair would cause the ions in the immediate
environment to shift from their perfect lattice equilibrium positions.

Because of the nresence of the impurity cation, the ionic displacements will

not be symmetrical about the (110) axis,and consequently the SP ion itself is

also displaced.

A rigorous treatment of the lattice relaxation would involve a
self-consistent energy minimization between the set of lonlc displacements

and the excess electron wavefunction. This has been done, for the cases of
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(21). Such sophistication, however, is

of KCl:Li and KCl:Na, by Ong and Vail
not required in our context. Referring to fig. 5, the above authers had shown
that it is energetically favourable for the various ions to remain in the

y—-z plane, For the three ions that we are considering, the displacements

along the z-axisare taken to be zero. We will generalize this conclusion

b

to all Fp-centres for the purpose of our calculation,

The displacement of SP ion along the y—direction means that the
molecule we are interested in is not a linear one but the central anion is
of f-centred by an amount d1 to be determined. Calculating the electronic
energy levels of such a bent molecule would involve a lot of tedious integrals
which are diffim~cult to evaluate. “Thus; we choose an alternative approach by
asserting that our model molecule is still linear but now thé central anion
will be carrying an effective charge of -Ze. The value of Z is determined
in such a way that the potential seen at the vacancy site due to . the three
displaced ions would be the same as that due to the undisplaced ions but
with the central anion carrying a charge of -Ze. It is easy to derive the
equation connecting Z and the set of &isplacements, with the various symbols
as shown in fig. 5; The potential at the vacancy site due to the three

undisplaced ions 1s given by 3

vid) = "l'?'" (2-Jz 2) (2.9 L

i

where a = lattice parameter
e = electronic charge

The potential due to the displaced ions are given by :

-¥,
e a2t 2
V Gy, d) = o)~ ()

_ Adzd d: \"% J1d3 at T
+ () —T’=----—:’;-) +(e—= “{)
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Writing d, dy, dj in units of lattice parameters,
we obtain :

_t/"?. "Z,
Wy, 4, g ) = fZe i.,(gae-Z@?:} tC2-2fz e, +24; )

22

+ (2w 2Ty + 248 )

Ze
= w«wz;*” —Dl-+ D, + D3 )
where D, = (14242 ) -3 1
D, =[a+([Z -q )2]“’2
— 2.7'- 2 "“’%
D, =[a® + (JZ+q ]

and the d¥s are in units of lattice parameter,

For V (Z)’: v (dl, dz, d3) , We get :

(2-[22) = 2 ( -Dy + D, + Dy )
JZ+ Dy =D, - D, CZ'B-)

We are going to evaluate the dis for the various crystals and

it

Z

dopings in Chapter 5. Then we will make use of equation (2.3) to calculate

the effective charge of the SP ion.

2.3 An empirical scheme for estimating the emission ensrgies of all votential
3e)

type 1T Fy—centres from the molecular model

The Schrodinger equation for our molecule in space can be written

a5 2z . e
V(e m R )W ER Y=o ()

where \4/ = electronic wavefunction

Tys rb’ r = distance of electron from the two positive ions at

sites A and B and the central anion respectively(ses fige. 6)
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R = separation between the two positive ions.
Bt (R,Z ) = free space electronic energy as a function of R and Z.
A1l lengths in equation (2.4) are measured in units of Bohr radii a,
and energy measured in Rydbergs.
la, = %741161 0.529 4 (2'?)

2
1 Rydberg = ©/2a, = 13.605 ev.

and T is the Planck's constant divided by 2wand m and e are the electronic
mass and charge respectively.
If the same molecule is immersed into a dielectric medium characterized

by dielectric constant ko, the corresponding Schrodinger equation will take

the form :
2 2 \ \ 2 — .
VY + —;{(\."’ - ,)‘l"\'E(V;&,%e,Z)W"O (26)
o L7 £
where Ty = effective separation between the positive charges inside

the dielectric medium.
E( rapsk,,2 ) = electronic energy inside dielectric medium.

I+t is shown in Appendix 3 that equations (2.4) and (2.6)
become eguivalent if we make the following scalings:

Tab = koR

| (27)

-1 =2
E( rgp,k.,% ) =k ~E'(R,Z)
With equation (2.7) allowing us to convert the energy and separation freely
from free space to dielectric medium, the following approach was suggested

o, (20
by Vail, by analogy with the approach of Aegerter and Luty( ) for the

+
Fy centre.
Assuming for the moment that the energy curves of the ground and
first excited states of our hypothetical molecule in free space ( E* vs. R )
are mapped out, choose a F A(II) centre whose emission energy E is known

experimently, fit the quantity kozE ( which is equal to Bt (R) from equation

(2.7)) into the energy curves to determine R. Then, rpy = kR determines
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aneffective two-well separation of the centre in the lattice. By letting

o = © 2 a (28}

we determines a constant c¢ which relates the effective two-well separation
and the actual separation between the vacancy pair in the defect centre,

The value of ¢ is characteristic of the particular centre concerned
and thus can be thought of as a function of Z :

c=r (2) (2:9)
So far, there are four type II centres whose emission energies are known.
These give four pairs of (c¢,2) values from which the form of f in equation
(2.9) can hopefully be deduced empirically. This will be discussed again in
Chapter 7. We will proceed here as if c is a known function of Z.

For a new crystal with new parameters 3: 2: ?;o’ ?:", we first determine
"¢ by equation (2.9) and then its effective two-well separation ?ab by
equation (2.8). “{ab/i; then deternimes R and from the energy curves we
can read out B! (E,E). According to equation (2.7), dividing Er by ‘}?02 gives
E(;ab,ol‘c‘o) , the emission energy of the Fp(II) centre in the new crystal.

The above theory has the disadvantage that it contains no criterion
to judge whether -+ SPC in a given Fp-centre is stabilized
— it simply calculates the emission energies of all Fp-centres as if they
are all type II. Thus, a supplementary criterion to give a guideline as to
which Fp-centres are likely to be type II would be desirable. We shall see

later that this can actually be accomplished by examining the values of Z.



CHAPTER 3
GROUND AND FIRST EXCITED STATES ENERGIES

OF THE HYPOTHETICAL MOLECULE — AWALALYTICAL

RESULTS.

3,1, The Variational method.

We rewrite equation (2.4) for the Hamaltonian of our molecule, withthe

meaning of the various symbols as shown in fig. 6.

2 -2 - 2Z :
v Y =+ -é-%’i- V‘>W:E\P

e, |
2, = T+ R/2 (3 1) |
—r - A ' _

Th = 1 - Rk/2 .
r,?2 = r?+ R/, + rReos6

rbz = ? 4 RZ/A ~ rRcos@

and © is the polar angle measured from the g-axis.
To solve eguation (3.1) formally for the elgenvector \P and eigenvalue E
would be a formidable task, We therefore take the variational approach. A
" concise review of the variational method can be found in ref. 23. '

To solve the expectation value of a certain Hamaltonianﬁ' by the
variational method, we essentially start by making an intelligent guess on
the form of the wavefunc’cion\y and make it to be function of some variational

parameters (&4 eoecessss &,). Then we calculate the quantity :

<\"{"(d‘....e(m)}ﬂ‘\%’(p{'....&’.m)> (3.%)
4\? (oﬁ‘....deR\‘k(@(l'_“a{&)> | R

E(“a“"“a) ES

and we minimize this quantity w.r.t. the whole set of variational parameters.

This is equivalent to solving the set of simultaneous equations:
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oF (ot o)

49‘%%;

j =l,2,..".°.’n

On substituting the values of the ®§ back to equation (3.2), we get the
optimized value for the energy E.

The reliability of the calculated result depends critically on
the form of the trial wavefunction ( twf ) that we choose to start with.
The exact eigenvalue to the original Hamaltonian can be reproduced if
the twf corresponds exactly to the true eigenvector. Deviation of the
twf from the correct one causes the calculated energy to take?higher
value.

3.2. The Trial Wavefunction

In treatingfbne-electron molecular problem, the L.C.A.0. form
of twf is usually adopted and has proved to be satisfactory in many cases.
It is especially sultable for problems when the overlap of the electronic
wavefunction between neighbouring centres is small. Slaier(22) has
calculated the ground state energy o?fﬁé+ ion using twf of L.C.A.0. of
two 1ls hydrogenic orbitals centred on each positive charge. ( The Hé+ ion
consists of an electron moving in the field of two positive charges.)
The results he obtained agreed very well with the exact calculations
by Bates ot a1(19), Tn view of the similarity between the H, problem and the

present one, it seemed reasonable for us to write down the ground and

first excited states twf in the same way:
-7 ay,

- = “ e 2 T
» TR G

3

1
&
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u
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where k+%"A = ground and first excited states twf
h*a’A* = normalization constants
(a7 = variational parameters

However, closer examination revealed that equation (3.3) which is L.C.A.O.

of two Slater orbitals could be unsatisfactory in two respects :

(2) For the even parity ground state, we would expect the amplitude of
wavefunetion at the vacinity of the anion to be very small since
Coulomb interaction between the electron and the anion is repulsive.
The only way\s}of equation (3.3) can accomplish this is to have very
localized orbitals centred on the two positive ionic sites. The
requirement of localization may place unnecessary constraint to the
energetics of the system, since localization is usually accompanied
with increase in kinetic energy.

(b) As the separation between the ions approach zero, we would expect
our molecule to become a hydrogen atom if Z = 1. Thus, it is
reasonable to require that qa_and \Hu should go to the 1ls and 2p
hydrogenic orbitals in this limit. In equation (3.3),‘ﬁi does go over
to the 1s orbital as R goes to zero, but it is obvious that Y,

not
would ,become the 2p state.

objections
To overcome these,,we introduce a third orbital to our twf,

centred on the anion in both the ground and excited states :

Vv =—L— PR’ %% + C*’“r)
T,

+ 2 .
( _ar _o{Y'{. - S g
.. =—,f;j—:(x “oa + Crcese 2 )

(34)

and C are variational parameters.

N g
The presence of the third orbital Cy:z_ in\i'}is to help
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reducs  the wavefunction amplitude around the anion, The value of Cg would have
to turn out to be negative. The term CurcosQe-“r in \!’M is the 2p
hydrogen orbital weightea by the factor C,, Its presence assures the correct
behaviour of the twf in the 1imit of small ionic separation.

Tt is not absolutely correct to assume all the three orbitals to
have the same localization ( i.e. same value of & ). The localization
of the central orbital is actually different from the other two. We have
made such approximation in order to reduce the complexity of the computation.

3.3. Analytical Results.

The ground and excited state energies, BEg and E, respectively,
are the expectation values of the Hamaltonian $ given in equation (3.1)

with wavefunctions given in equation (3.4). Thus,

SAE IR
TAES

SAB-ALN
<L'Pulw«>

E CO‘:Q:C&,Z) =

}

EM<°‘ o&,cau,z-) -

The calculations leading to the final results of Eg and E, involve
very messy algebra, and in the course of which, many two- and three- centre
integrals are come across.Mfét..'. c’fhe two-centre integrals can be evaluated
in closed form in either spherical or spheroidal co-ordinates. The three-
centre integrals, however, cannot be obtained in closed form and have to be

solved numerically.

We merely present the final analytic form of Eg and K, here:
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_ | 2 -«R _d'Ra
zZ) = N’ {m [H-:z. (1 +aR 5

- %R /g ot R ot tRE Co
e 2631. (r+ 2 " T2 )+ 22-]
4T | - 2R ] - %R

GR/Z(’*.:%)
- v9C’ I (,R) + 42 Ig(x,R)

P 2 - %R oR
+ S (z-c})['-* Cre z)l

c‘&

2
+2TCs 2 f - (3:5)

ol 2R*

= AT Tl 2 ik - 2
(%3 3

- &R (2 Ty L
+ 2C, 4 xR &R
¢ Cox 2 T2 )

- Cf f | (3.¢)



A

. _ | 2 - &R 3R>
EM(«,&?JCM’Z).-. = {o{ [l—-£— Ct+ar - 3 )J

- 4¢, (x+22 +2) T;Cx,R)
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» &
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FETE TN 2]

otd R
A
- 4Z2I (xR) + .I._o.;.é__@_g (37)

2T - -eR «*R>
N = e— - b s
» =3 [l 2 Cl+arR - )J

P4
- @QA@ 12 (G‘/’Qo) = ‘W;(i‘g | (3?)



L Cet, R)
I, Ce,R)
Ly Cet,R)
I, CaR)
_Ig- (@g.&)

| g (o, R)

il

34.

& @,
3= R R T
S@.
(o




3.h. The limits @s interionic gseparation R goes to zero and infinity,

3-401. R "‘“‘%O

As our hypothetical molecule consists of an electron moving in the
field of two cation and one anion, we would expect that as the interionic
separation goes to zero, the molecule will be reduced to a hydrogen atom if
Z =1, In this section, we want to derive the energies of the ground and
first excited state in the limit of R —» O, and show that by putting 2 = 1,
the energy expressions (3.5) and (3.7) will give the appropriate energies
of hydrogen atom., This will serve the purpose of checking the correctness
of the energy equations, which is desirable since the derivation leading to
the latter involved complicated algebra from which analytical errors are
likely to arise.

{(a) Ground state

We want ot look at:

lim B R,CopZ) = lim | E,**( & ,R,C.2)/N

R—0 gl & 5B,0g%) Q-)O[ 8 e )/lgj

where Egtt( & ,R,Cg,2) is identical with equation (3.5) apart from the
normalization factor Ng.

It is easy to see from equation (3.6) that :

vn N, = (W /&) ( 4+ 40+ ) (3.9)
R=0 &
To evaluate E_,'! in the limit of R goes to zero, we first note that:

o I(e,R) = T/x >

Lin (& ,R) = O

Lin  Ij(ot,R) = 0 (3-0)
%jﬂo I,(e,R) =0

‘Jéi_mw I5(0¢,R) = Tfx2

The various indeterminate terms arising from equation (3.5) in this
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1imit can be worked out easily by 1ltHopital's Rule. The results are asifollows:

i 4r 2~ 2%R 4 ) _ _ 87
R0 o3R IR o2

2 . 2 . 2
[im , BwCes - - xS ) = «--—EIS'&"
R-o IR R = ?

With these, We can write down the value of Eg" in-this limit:

i " = 1 2 -&l — 2

Lin Brr(0,R,0,2) = o= (b H 4G G+ Tx (2 -2)(G * G L)

Then,

lim B,( o ,R,C.,2) = lim (Ett/N,) = ot*+2a(Z - 2) N
Ree - 7 ® R+e °© Mg (31

Equation (3.11) gives the ground state energy at R = 0 as a function of ot
and Z. For a given value of Z, the stable configuration is of minimum

energy, which we obtain by minimizing (3.11) W.r.t.Ol :
lvm oE
Reo —=—=2 =0 =o,+ 2 =2
dot
X (Z) = 2=2 (312)
Substituting this into equation (3.1l), we have

lin Ey(2) = 22+ 42 -4 (3413
R=>e

We see from equation (3.13) that if Z = 1, E, = <=1 Rydberg and &, = 1.

g
This corresponds to a free hydrogen atom, as it should be. If Z2 =2,

o o= 0 and Eg = 0 which corresponds to a completely dislocalized electron
seeing no potential. This is again consistent with the physical structure

of the model.

(b) First excited state.

Inspecting equation (3.8) and using equation (3.10), we get
' &
Iim Ny = g WA (3.14)
The value of S in the limit of R ~$» 0 can be found by using ltHopitaltls rule

after expanding the exponents in power series, This has worked out to be:
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lim — ar
R->e - 2 d+
Again, writing E, = E,"' /N, vhere E, ' is the same as E, apart from

the Normalization factor My, we can show that :

) T a a
e B (2,R,C, Z2) = ==y IE c2-2)

o3 g("'
i : "
R.';: EM(QJQJC“OZ) = :9.‘-:2 ("EN'L)
= a®=(2-2)x (3.5)

C, disappears from the final expression and the energy in this limit
is only a function of & for a given value of Z. Minimizing the energy

expression w.r.t. ® , we have :

3E« (“‘R,cu,Z)

I - - -

R 5= =0 = 2%=-2 +2

Re(Z) ==1+72/2 (3.16)
Lin E2(Z) = (-2 + % )/ G171
R-bo

For Z = 1, equation (3.16) gives el = 1, and (3.17) gives E, = -+
Rydberg. These are exactly the localization and energy respectively
of the 2p state of the hydrogen atom.

3.2, R =300

We now investigate the convergence of the energy equations
at the other extreme, i.e., when the interionic separation becomes
infinmite. Intuitivel;,r; we would expect the electron to localize.
on either one of the positive ions at e with equal probability, the
central anion should have no effect on the energy of the system at

all in this limit. Thus, we should find Cg,u"") 0as R =3 =0,
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and that our energy equations (3.5) and (3.7) should both give -1 Rydberg

which is the ground state hydrogen atom energy. Further, both& and E

gsu
should not be a functiocn of Z in this limit.
(a) Ground state.
We first note that
i
lim Ny = =3 (2 +C%)
ol
R-ped 5
1Tim E.%° =1L2°((ZC 2 -2) + N‘(Cg +2)}
f3 d} g &
R o0
2 2 &
¢ - + oH2(¢Cg+ 2
lim E. = 2C%cy - 2) g+2) (3:18)
R>00 & c; + 2

Bquation (3.18) is a function of Cg, XK , Z. We first minimize the energy

Ww.r.t. the variables O and Cg, assuming Z to be a.fixed constant.
2
P._E.t._:(w,z,)c}-rza-z =0 (319)

o C3.20)

i
)
Q
Ny
-
N
.'.
I

The values of & and G, that solve (3.19) and (3.20) simultaneously
are:

(1) &8 =1

(ii) ®¢ =0 ; cg=[2‘

The first solution indicates binding of the electron to either

e

«Q
|

@)

of the positive ions at & a0 and there is no wave amplitude at the origin.

Substituting & = 1 and Cy = 0 into (3.18) yields an energy of -l Rydberg,

as expected.

The second solution is ong of a free electron indicating a state

in which there is no binding at all. Substituting & =0 and C g = l 2

into (3.18) yields zero energy. This solution, arisinginevitably through
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the quadratic form of the equations . . -, is not
inconsistent with the physics of our model,{m-the‘ions now are infinitely
apart and the Coulomb energy between two charged particles of infinite
therefore

separation is zero. It becomes possible for the electron to see the
ions sitvatetat infinity and therefore feel no effect of them.
However; solution (i) gives a lower energy and should be taken to repre-
sent the physical situation.

The final energy does not depend on Z, as long as Z remain
intrinsically positive. The situation changes, however, when Z & -1
( Z = =1 corresponds to replacing the central anion with a cation,the
three ionic centres then becomngequivalent). 4t Z = <1,equation (3.18)
becomes independent of Cg and the minimized energy is again -1 Rydberg.
Physically, this corresponds to the situation when the electron is equally
likely to localize on one of the three ionic centres.

It can also be shown that at Z = —2(doubly positively charged
central ion); the electron would localize on the central ion with
A = 2; B, = -4 Rydberg and G, =<9 . The system becomes a He' ion.

(b) First excited state

Similarly,we can show that

2 a
z«‘l- - 4.&3 o+ C“ Qza + C, o z (3.2‘)
2ut e g

ki Ea(R.Cu,2) =

Minimizing w.r.t. &« and G,

0E.

Su fa’ - Fu* + PCiac® - 2C (2 +6)

+ 2c:'o( + Sl = 0 | (3.22)



2E«y
?Ca

4o

= 4c,’ (z+2) =0 (3.23)

Solving for X and C, simultaneously, we get two solutions, one of

which corresponds to the hydrogen atom ground state and the other a

free electron.

(i) o =1
(ii) o =0
These

°
>

5

C,=0

Cy =0

.

3

.
3

can also be

E, = -1 Rydberg

E, =0

intrepreted by the reasoning given in the

previous section, We again assert that the first solution, being lower

in energy and corresponding to a bound state, is the physical one.

We also note that, in this case, changing the sign of the

charge of the central ion does not alter the energy nor the localization

of the electron, since by nature of the type of wavefunction, the

amplitude at the origin has to vanish.
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BVALUATION OF THE BFFECTIVE CHARGE Z

Le.l. The maenitude of Z in terms of the disolacements of the saddle~

¢ point anlon, and imprulty and host cations,.

In the last chapter, we have considered Z, the effective
charge of the SP lon, as a given constant, characteristic of the
individuval crystal and substitutional impurity. We have said in
Section 2.2, that the concept of introducing Z is to simulate lattice
relaxation around the excess electron of the defect centre., We have
alsc indicated that previéus calculation by OV(21>.has,; |
shoun that the lons that are significantly displaced are the SP ion
itself and its nearest nelghbour impurity and host cations, and
that they are assumed to be displaced only along the ywaxisé
V(fi?,55. An equation was derived in section Z.2. relatiﬁg‘

} . 13 = P WSS S
the effective charge 7 and the set.of displacements, which,

for convenience, we are going to rewrite ;
Zxﬁﬁ'"Dl—Dz..DB | |
where 1 <;
D = (1 +2d4;%) 4";
Dy = Ldg’?' + (,[_Z_—dz )2_1 =
Cd32+ <ﬁ+d3 )2‘1—

and dj, dy and d.3 are displacements of the SP anion, host and impurity

Qs

]

N

\Sj
i

cations respectively in units of host latbice spacing.
To make use of the energy equations derived in the last
Chapter, we require the value of Z which in turn requires. the values
&

of the dfs.

¢ »

® i3 : . . Ce
. . . Lo - . . L.
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L.2. Detvermination of the ionic displacements.

Tach ion in the point-ion lattice will be treated Lo interact with
the rest of the ions through Coulombic force and with its nearest neighbours
through Born-fiayer repulsion. The Coulomb energy inside the unit cell of
a perféct f.c.c. latbice had been calculated and tabulated by Slater(zh)
and the result can be adapted for our purpose. We will also use the Born-
Mayer repulsive parameters calculated by Fumi énd Tosi(25), With this, the

disy

lacements of the three ions are uniquely determined by minimizing the
defect energy w.r.t. the set of displacement co-ordinates. |

In order to avoid the complication of selfmconsistency between
the excess electron wavefunctlon and lattice relaexablon, we are going to
make one further assumpbion—e— that the effect of the presence of the
excess electron is to contribube a charge of ~3e to each of the two anion
vacancies. Physically, this refers to a situation where the excess
electron is localized completely in the anion vacancies with equal brobabi»
lity, and the assumption would be valid if the wavefunction of the excess
electron is distributed symmetrically about the vacancies.

Starting with a perfect lattice, the energy of which we labelled
zero, we are going to calculate the defect energy by establishing the SPC
systematically. Referring to fig. 5 for the meanings of the various
symbols, we proceed as follows:

(a) Removing anion at site (2) Lfrom the perfect latbice, the work required is

2
&(M @ g % = @‘/ f
V& - AR L)) ﬁf
Q,
where G%Rﬁ = JMadelungts Constant
a = latiice spacing of the host lattice

Born-tinyer Repulsive paramebers of host lattice

W
D
il




The factor of 6 in the second term in the above equation refers to the
nunber of nearest nelghbours adjacent to the ion being removed.
(b) Removing ion at site (3)
a
V. = %m € el -a/e
3 = (—— - —)-58=
a a

(¢) Removing ion at site (4)

- IV e e @ = Q/P
(d) Removing ion at site (5)
o 2 a & -a/e
m€ 2e e ) 48 &
v (: - * -
§ a Q Az &

We then insert the various ions back to the appropriate positions:

(e) - Putting the SP anion at site (1)

144 -
-5 P ©
vl = 2 ‘k ' aml) A
where R ‘%= lattice vector to the k=th ion in the 1-~th unit cell.

4y = charge of the k-th ion in the 1-th unit cell.

dy = displacement of the SP ion from the SP position.
4
Z_“ = summation over all ions in the lattice EXCEPT the ones

at sites (2), (3), (4) and (5)

(f) Putting a charge of —e into site (3)

’ e? o 42 \ . {
Vi T 7a i' M 1z ["i‘* Q.é‘..!.)z_'(’/z

(g) Putting a charge of —%e into site (5)

v, et

\
e
5 2e

{
e
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(h) Inserting the impurity ion at site (2%)

' " % e* e?
Vz ) Z “’xﬁ a - -
&, - 2 V2
. Bnn { L-(ﬁ+d‘3 4,)/e* . 21-(“:“"5"3 ”J’E@,@%gg}/@@

+ 2 gt en }

where }E" = gummation over all ions in the lattice except the
ones at sites (2) and (4). The various vectors Jffjf
under this summation are designated to have site(2)
as origin,
d3 = displacement of the impurity ion.

L

B,e"

Born-liayer parameters between impurity cation and
host halogen ion.
(1) Inserting host cation at site (4)
v’ ¢ %ep € e!
= 2

ARy - )] o=

+ 2 &-(a"-o- ai )V‘/e g

4
where :E_ = summation over all lattice sites except (4), the
various vectors have origin at site (L)

GLZ = displacement of host catiocn.
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The energy of formation of the defect centre in the SPC will be given by

the sum of the berms from (a) to (i). It is given as a function of the

Born-Mayer parameters and the set of ionic displacements. We collect all the

energy terms and after simplification, we can write @
*
E*(B‘e‘e'e‘d\'dz’da)

e 503 -¢ 2
o e e L

2

_ 2 2
P (|
N 7 LA S L
ke | Rpp-d) 2k | Ryp )

%
(2 wd - z+d2 {zad, /
~+B§ (E*‘d‘)/e+2,_(‘ 2 ¥ )/e
~(at+al )4 /e §
+ 22
[ 2

_Catea} ) /0" } (42)
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We now have to evaluate the three lattice sums in the above equation.
Both the Evjen and Ewald's method are not applicable in our case because
we have an imperfect lattice with no symetry.

Slater in ref. 24 had calculated the potential at a thousand
points inside the unit cell of a f.c.c. lattice made up of positive charges.
In Appendix l; we show how we can adapt this information to give an empirical
equation for the potential along the (110) direction in the vicinity of a

cation vacancy in a NaCl-type lattice., It is given as :

4 v \©
r L —_ “3)
where 1r = displacement along (110) direction from a cation vacancy.

Cy and Og4 are empirical constants determined by least square fit into

Slaterts data, and are found to be 35.03887 and 62.65809 respectively.

We can make use of equation (4.3) to evaluate the lattice sums, taking care to
add or subtract extra terms corresponking to the missing or extra ions in

our lattice. Thus, for example, in calculating zm’ we note that the SP
anion would feel the potential due to an otherwise perfect lattice with

a cation vacancy at site (2) and missing ions at sites (3), (4) and (5).

Therefore :
:.

" - e ’ \
z ! —’%,Q‘& - = i V (-—f—'-_ o+ 3
®ONRy -

2 v (5:. 2y%
gz ! 2 O\

where di' = a/[Z - dq

and V, is as given in equation (4.3)
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" ’
Z and 2 can be written down in similarly manner :

7 %. é& cly J
2. AR = V.(5=>) + ” T
Sl (=) [1e22e@)]”
l
- (&) (4-5)
g %,Q?zez = V 22 4= 2
Saean T T
\
4.
Y i

The R.H.S. of equations (4.4), (4.5) and (4.6) are energy terms in Hartree
units ( 1 Hartree unit = 2 Rydbergs)

Equations (4.4), (4.5) and (4.6) are now substituted into (4.2)
to obtain the overall defect energy in terms of the set of dts. In doing
so, the un::.t of lengths are expressed in host lattice spacings and

energy in Rydberg.
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E; is then minimized w.r.t. the set of d's for given pairs of Born-
layer parameters (B,¢) and (B&',Q&). Harwell Subroutine VAlBAD(zé) is
used for the minimization. The results returned by the Computer are listed
in the next section. The values of the three partial derivatives w.r.t.

the d's at the completion of the search are all of the order of 10"5 or
less, so, there should be no doubt about the validity of the returned

results.

L.,3. Results

We tabulate in Table I the ionic displacements (dj, d,, d3) in
the L8 possible crystals formed by the combinations-of ( Li, Na, X, Rb )
and ( F, C1, Br, I ). A lot of these are superfluous since Fp-centres
are not generally thought to form in érystals with doping cation larger in
jonic radius than the host cation ( There are 24 belonging to‘thié catagory).
For the rest, some are known to "be type I in which the SPC will not
form a stable state. Nevertheless, we are tabulating them all for'the
sake of completness. Alongside with each crystal, the effective chargé
7 is also calculated by equation (4.1) based on the values of (dy, dp, d3).
The column of Misfit Parameter (D/d_) will be explained in the next
Ghapier.

ttice relaxation in the cases of KCl:Ii and KCl:Na had also
been computed by OV(zl). Their resulis are giﬁen in Table IL alonz with
ours for comparison.

There 1s a qualitative difference in ﬁhe direction of the dis-
placement of the host cation in KCl:Ii, the present calculation indicates
that the host cation would move towards the Séddle-P§int whereas the
calculation of OV indicates that it would move away from it. Besides, the

displacements optained presently are generally larger in comparison.




TABIE T
Displacement of the SP ion (dj), nearest host

cation (d2) and impurity cation (dj) along the

y—direction (fig. 5) in the SPC of FA(II) centres

in alkali halides in units of host lattice
spacing. Z and (D/d_) are effective charge and
misfit parameter calculated from equations (L.1)

and (5.1) respectively in text.
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crystals dy d, d3 Z (p/d.)
RbF:Li 0.393 0.219 0,237 0.8654 1.203
RoF:Na 0.257 0.095 0,190 0.9791 0.772
RbF:K 0.075 ~0.05, 0.134 1.0836 0.431
ROCL:Td 0.287 0,097 0.220 0.9769 1.027
RbC1:Na 0.910 0.015 0.204 1.0519 0.743
RbCL:K 0.067 ~0.081 0.153 1.1067 - 0.509
RbBr:Li 0.267 0.079 0.223 0.9963 0.996
RoBr: lia 0.180 0.006 0.199 1.0572 0,745
RbBr:K 0.057 ~0.089 0.154° - 1.1116 0.525
RbI:Ii 0.254 0.058 0.202 1.0040 0.959
RbI:Na 0.171 ~0.009 0.194 1.0656 0,740
RbI:K 0.056 ~0.096 0.158 1.1171 0.5k
KF:1d 0.355 0.208 0.22% 0.8876 1.023
KF:le 0.203 0.071 0.169 1.0034 0.6

KF:Rb ~0.240 ~0.278 ~0.063 1.0381 0.174
KC1:Li 0.247 0,081 0.208 0.9976 0.918
KC1:Na 0.133 ~0.013 0.176 ' 1.0715 0,660
KC1:Rb -0.125 ~0.210 0.050 1.1054 0.326
KBr:1d 0.222 0.051 0.206 1.0224 0.898
KBr:1la 0.127 ~0.027 0.174 1.0754 0.663
KBr:Rb ~0.096 ~0.195 0.071 1.1155 0.356
KI:Ii 0.220 0.043 0.191 1.0210 0.875
KI:la 0.124 ~0.033 0.171 1.0809 0,667
KI:Rp ~0.033 0,196 0.079 1.1120 0.393



(p/a)

Crystals dl d o d3 Z

NaF:Id 0.203 0,110 0.164 0.9805 0.772
NaF:K -0.348 -0.334 ~0,148 0.9648 0.091
HaF:Rb ~0,369 ~0.350 ~0.130 o.96§4 ~0.046
NaCl:Li 0.128 ~0.013 0,160 1,063 0.715
NaCl:K -0.231 ~0.287 ~0.030 1.0621 0.265
NaCl:Rb  ~0.305 -0,345 ~0,061 1.0359 0.166
HaBr:Id 0.108 ~0.027 0.153 1.0736 0.7k
NaBr:K ~0.237 0,290 -0.029 1.0617 0.300
NaBr:Rb  -0.299 ~0.339 -0.059 1.0373 0.209
Nal:Ii 0.115 0,017 0.142 1.0620 0.713
NaI:K ~0.248 ~0.295 -0.,037 1.0548 0.343
NaI:Rb ~0.305 ~0.340 ~0.059 1.0353 0.262
LiF:Ma ~0.348 -0.327 ~0,192 0.9362 0.168
IiF:K _0.388 ~0.358 ~0.158 0.9476 -0.121
LiF:Rb ~0.113 ~0.377 ~0.153 0. 9Ly ~0.253
TiCl:Na  =0.294 ~0.317 -0.093 1.0140 0.320
14CL:K -0.355 ~0.366 ~0.111 0.9927 0.111
TiCl:Rb  =0.390 ~0.394 -0.115 0.9826 0.016
1iBr:fa  -0.251 ~0.252 ~0,063 1.0392 0.350
LiBr:K ~0.340 -0.363 0,093  1.0085 0,158
IiBr:Rb  -0.372 ~0.369 0,104  0+9957 0,070
Lil:ila ~0,30L -0.316 ~0,115 0.9973 0.388
1iI:X -0.355 -0.356 ~0.104 0.5933 0.216
IiT:Rb ~0.382 -0.379 ~0.105 0.9860 0.137

52



TABLE II
Displacements of SP ion, host cation and impurity
cation (dl; dy, d3) in the SPC of KCl:Na and KCl:Ii,
the displacéments are along the y-direction (fig. 5)

and are expressed in units of host lattice spacingz.
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KCl:Na ' KC1:1i
dy d, ds dy d, ds
Ong and Vail(?1) 0.076  =0.094  0.160 | 0.13h  —0.068  0.1i2
0.133  -=0.013  0.176 | 0.247  0.081 0,208

Present




CHAPTER

THE, TNTREPRETATION AND DISCUSSION OF

EFFECTIVE CHARGE NUMBER Z.

5,1, The Misfit Parameters,

We recall that type I or type IL behaviours of Fj-centres is a
consequence of the detaildenergy balance between the lattice configuration

and electronic states, in which the size of the substitutional cation

54-

plays a crucial role. In order to avoid the complexity of a self-consistent

calculation, Ity in ref..3 has suggested a much simplified idea based on
jomic sizes to determine Fp-centre RES configurations.The criterion is
that, if there is sufficient space within the interstitial for the SP ion
to squeeze in, type II behaviour will result. This can be measured
quantitatively by the ratio (D/d_) which he called lMisfit Pa.ramete:: ig_ is
the diameter of the SP anion and D is the maximum space available to

the SP anion when the host and impurity ions are pushed to touch their
respective nearest neighbours., These quantities are shown in fig. 7.

We can derive an equation relating the misfit parameter to the
various radii based.on this geometric picture. Referring to fig. 7 for
the meanings of the various symbols, it can be seen that, if the substi-
tutional impurity remains at the perfect lattice site, the quantity D
would be given by ‘ré'a. - Ty - r: whére r,; and r.r are the radii of the
host and substitutional cations respectively. Now, if the substitutional
cation does retreat until it touches its nearest neighbour tangentially,
the extra space that is made available is given by the quantity s labelled

in the figure, and
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FIG., 7. THE MISFIT PARAMETER (o/d.)
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2 .Y
Q % 2 & 2
S = - Lo I - e——
el RNl
where 1r_ = radius of host anion

%

D = fr{““‘ﬂ-“ﬁ-*s

noting that ry + r_ = a, we can write :

D\, L3 %
e = 2, E('*R)“(Q*R )
%4
N T RO L TR
where R = ri/fr_
R*=r_:~&/r_

A1l lengths in (5.1) are expressed in units of lattice spacing. Using
the ionic radii calculated by Funl and Tosi(25) , the Misfit Parameters
for all the 48 crystals are tabulated in Table T :m the last Chapter.
Based on this geometrical picture, one would expect that Fy(II)
centres are likely to be those with D?,d_, or (D/d__)?,l, Luty plotted
the reorientation energy ( which measures the relative easiness of formation
of the SPC ) as a function of the Misfits (D/d_) in the various F,—centres
RES, and actually found that for (D/a.)%0.9, the reoientation energy is
extrapolated to the negative region, meaning that the SPC is automatically
stabilized. This had led Lty into proposing the Misfit Parameter as a
eriterion to determine the emission behaviour of FA—centres , namely, that

those with (D/d.) greater than 0.9 are type II, while those with Misfits
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less than 0.9 are type I. Inspecting the Table in the last Chapter show
that there are six crystals that have Misfits greater than 0.9, they are
KF:Ii, KCl:Li; RbF:Ii, RbCl:Ii, RbBr:Ii and RbI:li, all of them being
lithium-doped large host cation crystals.

Iityscriterion has not proved to be totally successful. Experimently,
it was found that kF:1i(12), kc1:14 (5 Roc1:1a(5) are type TI, but RoBr:li
and RbI:Li were shown to be type 1(5). Moreover, KF:Na was found to be

(12)

type II recently , while under the Misfit Parameter criteria, it belongs

to type I.

Thus, we are led to believe that the Misfit is not a

valid criterion, nor a particularly good guideline.

5.2. 7 as a new criterion for the type II behaviour of F.-centres.

We have derived the effective charge Z of the SP anion based,
on the ionic displacements at the vicinity of the Saddle-Point. In effect,
while the concept of Misfit Parameter dwells on the actual geometrical space
that is available to the SP anion, the effective charge approximately
measures the size of the potential barrier that is between the two=wells.
The size of the barrier determines the relative easiness with which the excess
electron can localize in the two-well Pﬁtﬁhtf&i.

Therefore, we can look into the magnitudes

of 7 of the crystals and hope to discover a new criterion, which is less
contradictory with experimental evidence.

We pick out crystals that are of potential interest from Table I
and plot the values of their Misfits (D/d_) against the corresponding values
of effective charge Z, This is shown in fig. 8. We also take it that Fy-

centres will not form in crystals in which the substitutional cation is
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larger than the host cation and therefore have omitted  them from the
following discussion.

The horizontal line in fig. 8 is drawn at (D/d_) = 0.9 which is
Lity's dividing line for the type I and type II centre. We see that
RoBr:Ili and RbI:Ii are lying above the line and KF:Na is lying below, in
constrast to experiments. However, in glancing at the distribution

of the points in the (D/d_) vs. Z plot, we discover that if a

vertical liuwe is drawn at Z = 1.0035, all the known FA(II)
and FA(I) centres are resolved to the left and right of the

line respectively except RbBr:Li (7 = 0.9963), which is a

type I centre but falls into the type II region according

to this classification. There are three other crystals,
beside the four experimentally known ones, that lie in this
small Z (type II) region, They are RbF:Li, RbF:Na and NaF:Li.
All the other known type I centres lie to the right of the
vertical line with the addition of KI:Li, on which no

experimental work has been done.

5¢3. The predicted new type IT centres.
| We cannot claim here that our criterion is a very conclusive one,
since, beside RbBr:li that overlaps the type IIL region, there are many
others in the lithium series tht have small Z values but which we had
disregarded because of their large substitutional cations. The fact that
all the experimentally known type II centres have Z€ 1.0035 is encouraging,
the case of RbBr:li is peculiar as it is predicted to be type II both by
Iutyfand the present scheme. |
Anyway, the three crystals RbF:1i, RbF:Na and NaF:li:that fall

into the type II region deserve particular attention. Physically, they all
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have the characteristics of type Il centres, namely, large host cation,
small host anion and small impurity cation. Further, the discovery that
KF:1i and KF:MNa are type LI makes RoF:Li and RbF:Na likely to be type II
as well. The case of NaF:Idi is quite unique since it is the only member
with Na as host cation. Of the three above, only RbF:Li is type II according
to Lutyts CluSSLLlC&blOH’ both RoF:lla and NaF:ILi have Hisfits smaller than
0.9.
With the above consideration, we can think of RbF:Ii, RbF:Na
and NaF:Ii as the favourite candidates Orﬁl(fl)*ceﬂure We will proceed to |
treat these as the new type IL centres, and we are going to apply our o

molecular model to estimate thelr emission energles.
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CAPTIONS OF FIG.8

THE MISEIT PARAMETERS VS EBEFECTIVE
CHARGES OF [, -CENTRES

EXPERIMENTALLY RKNOWN -TYPE L CENTRE

@@QSS!%LE NEW “TYPE TCL CENTRE

Zgﬁ EXPERIMENTALLY KNoWN TYPE T t%N”‘?‘@g

PosSIBLE NEw "TYPE I CENTRE

~~~~~~~ LUTY 's a%wm\m FoR F,lmL) CENTRES.
TYPE T CENTRES ARE To LIE ABovE
THE LINE ( % z 000 )

m— e ¢ o e EFFECTIVE CHARGE AS A CRITERION
FOR F (&) CENTRES,
TYPE T CENTRES ARE To LIE To
THE LEFT OF “THE LINE, ( 2 =1:003§ )
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CHAPTER 6

GROUND AND FIRST EXCITED STATE ENERGIES OF

THE. HYPOTHETICAL MOLECULE——-NUMERICAL RESULTS.

6.1, The numerical orocedure.

With the list of values of Z available, we are now ready to pick
up equations (3.5) and (3.7) for optimization w.r.t. the variational
parameters. We first remark on the numerical procedure.

The five multicentre integrals listed on P.34, except I5(<3 ,R),
cannot be solved in closed form, and are evaluated numerically. They
all have azimuthal symmetry and therefore, are reduced to two dimensional
énes. Integral 15 was evaluated analytically by Vaily we only give the
result here :

-

Ig(«'g) - jdj? % r}-

"Q‘tﬂ

— 'w'z@(w) - Zﬁ.’WCWW)

4o

P(w) = [- "‘22 «u] — [ 2 stw)

d.w

+ 2 In(2)stnh W]

S(W)‘: i (—ZWJn

el m| s
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This analytical fom; however, is not used during the final calculation
because for w<p 3;, the convergence of the series S(w) becomes slow’and this
caused a computational problem when the many-digit number nl for n 3 20

is being stored.

The integrals are evaluated by Harwell Subroutines QAOLAD and
QAO5AD(26) in succession. Both subroutines are written to perform one-—
dimensional integration.

We then want to minimize equations (3.5) and (3.7) w.r.t. &
and C simultaneously. Again because of the complexities of the equations,
the minimization has to be done numeracally. In principle, a multidimen-—
sional minimization subroutine could be used and a straight forward programme
could be written to compute the set of integrals as well as carrying out
the minimization at the same time, However, the fact that these integrals
are functions of &, which is also the minimization variable, would render
it necessary to compute the whole set of integrals once per iteration
during the minimization process. This would bring the computing time
required beyond justification for the present work.

We then take an alternative approach. To the energy equations,
we supply a series of values of X , and for each value of & , we minimize
the equations w.r.t. Cg,u' Then we spot the minimum energy through the
range of &, which is then taken as the required result. Harwell Subroutine
VDOZAD(zé) is used for the minimization w.r.t. the single variable Cg,u’

A is accurate to two places after decimal.

6.2. Comvarison between results bv using twf of L.C.A.0. of two orbitals

and three orbitals.

We are going to present the resulis after the minimization. First,

we would like to examine the validity of the statements that we made



carlier in Section 3.2., whether the inclusion of the third central orbital
to the twf would give any substantial improvement to the energy. We give

in Table III the ground state energies as a function of R for twf of L.C.A.0.
of three orbitals and the corresponding energies with Cg =0 ( two ofbitals ).
Z is set to equal to one in both cases for clarity. Table IV give the same
for the first excited state. Both data are plotted in fig. 9.

We first note from the data that they have the correct asymtoptic
limits as described in section 3.4. For the ground state energy curve,
inclusion of the third orbital does improve the energy quite substantially
between R =2 and R = 6; which is the range of interionic distance we are
interested tn. There is no such clearcut improvement to the energy curves
in the excited stat;?:zﬁe energy of the three orbital twf is a few tenths
of an ev. lower in the region of interest and it converges faster to the
R =00 limit., Also, the former starts at the correct energy at R = O,

( =3.401 ev.) whereas the latter starts at a somewhat higher value.

Thus, as a whole; the three orbital twf gives a more realistic

result.

6 .3 ® Reslﬂ.ts °

The energy curves of the ground and first excited state as a
function of R are plotted in fig. 10 to fig.l6 for seven different values
of Z; corresponding to the seven established and predicted Fa(II) centres.
Tables of calculated numbers are given in Appendix 2.

We note that variation in Z shifts the curves up or down by a
non-negligible amount but the general shape of the curves are preserved,
and that the gap between the curves, which gives the emission energy, is
less affected since the curves are shifted up or down by roughly the same
amount. As expected; curves with smaller Z tend to lie lower than . those

of larger Z
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TABLE IIT AND IV

Ground and first excited state energies of model
nolecule calculated from twf of L.C.A.0. of two
and three orbitals as functions of R. Distances
are measured in units of Bohr radius a, and
energy in unlts of electron volt. R is the
interionic separation of the molecule, Cg,u

is the weight attached to the central orbital,
¢, is the localization parameter and Eg,u are

the ground and first excited state energy

resnectively.




TABLE TII

GROUND STATH

Cy oy E,

0 0 ~1.00 ~13.605

o] Arbitrary 1.00 ~13.605

1 0 0.89 ~10.900

1 ~0.76L 0.85 ~11.140
2 0 0.77 -8.890
2 ~0.642 0.7 =G oy
3 0 0.75 ~7.898
3 ~0.507 0.79 | =877k
L 0 0.93 ~7 .56,

I ~0.365 0.83 ~8.706
5 0 0.99 8,542
5 -0.235 0.89 | ~8.989
6 0 1.00 ~9.190
6 ~0.14 0.94 ENAL
0 1.00 ~9.756
7 -0.087 0.98 ~3.830

0 1.00 12,245

20 0 1.00 =12.2L5




TABIE IV

EXCITED STATE

u 4 u
0 0 0.50 ~2.988
Arbitrary 0.50 =3.501
1 0 0.30 -3.430
1.616 0.53 ~3.553
2 0 045 s 78
0.005 0.45 .78
3 0 0.63 ~6.12
-0.136 0.53 6,138
L 0 0.83. =T o143
~0.257 0.67 7601
5 0 0.90 -8.36
-0.228 0.75 ~8.506
6 0 0.95 -9.15
~0.160 0.88 90314
20 o 1.00 ~12.235
o 1.00 ~12.235
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Fige 10 —— Fig, 16

Ground state (lower) and first excited state
(upper) energy plotted vs. interionic separation
R for seven values of effective Z corresponding
ﬁo seven Fy(II) centres. R is the interionic
separation that will give an emission energy
kozE where k, is the high frequency dielectric
constant and § is the experimental emission

energy.
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CHAPTER 7
BESTIMATED FMISSION ENERGIES OF THE

NEW TYPE IT CENTRES.

7.1, Information available from the existine experimental data.

The emission energies of RbF:Ii, RbF:Na and NaF:Ii are now
caleulated according to the scheme outlined in Section 2.3. We pick Fy(II)
centres whose emission energies, E , are known experimentally and fit the
quantity k <L (ko is the high frequency dielectric constant of the crystal)
into the energy curves to determine R, the molecular size, then, a constant
¢ is determined through the the relation ¢ = (kOR/IE a) which relates R
to the lattice defect.

There are four FA(II) centres whose emission energles are known
at the time when this work is performed., Thus, we can carry through the
priscription for each of these . The results are listed in Table V. The
quantity R which is the interionic separation of the model molecule in free
space that will give the molecule an emission energy kOZE', is marked in
figure 10 to figure 13.

7.2, Variation of the effective two-well separation as a function

of effective charge Z.

The dimensionless constant ¢ in Table V, given by
c=rap/(F a) (7:1)

where T4, = effective two-well separation in crystal

i

a = host lattice spacing
essentially measures the relative separation of the potential wells amongst
the crystals, and is characteristic of the particular host and doping. We

(RS
have seen that Z,derived from the ionic displacements, which are in turn
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TABLE ¥
Bffective two-well separation r,, in the SPC of the four -knovmn
Fp(IT) centres. a is the host lattice spacing, Xk, is the high
frequency dielectric constant, 2 is the effective charge, E is
the experimental emission energy, R is the interionic separation
of the model molecule in free space and c¢ is calculated from
equation (7.1). Lengths are in units of lattice spacing and

energy in units of ev.

KF:Ld KF:Ha KCl:li  RbCl:li
a 5.055 5.055 5.949 6.221
k. 1.85 1.85 2.19 2.13
z 0.8876 1.003% 0.9976 0.9769
T 0.553 0.576 0.46 03
% 2% 1.693 1.975 2.206 - 2.082
R 343 3. 3.22 3.35
X 6.4555 6.36L0  7.0515 7.3365

c 0.5033 0.8903 ’ 0.8383 0.8340




determined by éornéMayer parameters characteristic of the crystal species,
also characterizes the particulars of each centre. Thus, we can think of
¢ as a function of Z. The values of ¢ for the four known type IL centres
are plotted vs. Z in fig. 17.

Because of the limited amount of experimental data, it is difficult
to guess from fig. 17 the functional form between ¢ and Z. A simple and
posgible form would be :

c(z) = C1 - Cy2+ C3/( 2 =32, )
where Z, = 1.0035 is the value of Z that divides the type I and type IL
F,~centres, and G, G, and 03 are to be determined by least square fit
method. The fitting, however, is not very good due to the rapid divergence
of ¢ as Z approaches Zg.

On the other hand; since Z roughly parametrizes the various centres,
we would expect that centres having similar values of Z have similar
characteristics. In calculating the emission energies of the new type IL
centres; therefore; we can; as an alternative, use the value of ¢ of the
experimentally known centre that has the closest value of Z. Thus, we
use the value of ¢ of RbCl:Ii ( ¢ = 0.8340 ) for RbF:Na and NaF:Li and
that of KF:Ii (0.9030) for RbF:Ii. In fig. 17, we also show the Z values
of RbF:Ii, RbF:Na and NaF:Ii. This approximation should be a reasonable
one if the variation between ¢ and Z is smooth, for then the values of
¢ of RbF:Na and NaF:ILi cannot differ significantly from that of RbCl:lLd.

7.3. The emission energies of RbF:ILi, Rbi:Na and NaF:Idi

The SPC emission energies of the three predicted Fy(II) centres
are now calculated in the context of our model, The procedures were
described in Section 2.3. and will be sketched here again for convenience,

The effective two-well separation of an individual crystal is
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first determined by rgp, = c¢|2 a which then fix the interionic separation
of the model molecule in free space through rahp = kjR. From the appropriate
energy curves we determine the emission energy of the molecule in free
space, E' and E'/ko2 gives the corresponding emission energy of the lattice
defect. We tabulate the calculation systematically in Table VL.

According the present calculation, NaF:Ii is found to have the
highest emission energy 0.915 ev.; followed by RbF:Na,0.591 ev., and

RoF:1i, 0,513 ev.



TABIE VI

Tmission energy E of NaF:Ii, RbF:Ii and RbF:la in the SPC.

Et is the emission energy of the model molecule at interionic -

separation R. The meanings of the other symbols are the
same as those in Table V. Lengths are in units of Bohr

radius and energy in units of ev.

o2

NaF:1i RbF:Idi RoF:Na

a L.380 5.321 5.321
ko L.74 1.96 1.56

c 0.8340 0.9033 0,8340
Z 0.9805 0.8654 | 0.97§l
LR | 5.165 6.7 ‘ 6.275

R 2.97 347 3.20

A 2.77 1.97 2.27

b 0.915 0.513 0.591




CHAPTSR 8

DISCUSSION AND CONGCLUSION

The above consideration has led us into postulating that NaF:Li,

RbF:li and EbF:lla are F,(II) centres and we have worked out their respective

emission energies. We point out some factors pertaining to the validity
of the calculation,

(a)  The crystal lattice.

We have used an very simple model., The continuum model is

inherently an oversimplification of a crystal lattice, and is most applicable

in cases where the electron is not highly localized. A more rigorous
treatment would be to describe the ions at and near the Saddle~Point in
the context of the Shell Model, which allows for the polarizability of the
ion's outer eiectrons.

(b) The form of the trial wavefunction.

The twf thab we used may not have sufficient flexibility. Thé
major deficiency is that we have required the central orbital to have the
séme localization as the other two. Seli-consistent treatment between the
electronic wavefunction and lattice relaxation in the energy'miniﬁizazion
is not included.

We could have avoided a lot of technical difficulties if we had
used twi of L.C.A.0. of Gaussian orbitals, exp(»gzrz), since integrals
involving Gaussian orbitals can usually be evaluated analytically in closed
form, Alternatively, we can reduce the problem to one of single~variable

minimization by writing the twf as :

Y= QPQ*@%?@Q

y "'a(il Pﬁ;‘@’,%
Q@‘z‘& e = 2 C:% AL
) Y

80



&4

@ 5 @ and @ are orbitals centred on the ilon sites, o(; is a set of

a 14 e v

supplied values and C; are the variational set. Since we can have a good
intuition of the localization of each orbital, three or four terms (with
three or four corresponding guesses on the Cii?s) in the summation series
in (8.1) for cach orbital are usually sufficient in bringing the result
very close to the two-parameter minimization ( ¢{ and C). By doing this,

we can avold the tedious procedures of optimizing the exponentials, and

at the same time, allows the centre orbital to have different localization
from the other two.

(¢) The dielectric constant describine the continvum crysital.

3

The success of Aegerter and Iity in applying a similar treatment
to the F2+'problem is partly due to the availability of previous data on
the energy levels of H2+ ion, and the simplicity of not having an associated
impurity. This enables them to derive an effective dielectric constant

rom the usual high frequency one. We do not have sufficient

)

different
information here to do the same.

(d)  EBffective charse Z.

The idea of assigning an effective charge Z to the SP ion to
simulate its displacement is bub an aporoximation. A more realistic
approach would be taling the displacement into account explicitly by using
a bent molecular model in which the central anion is shifted from the
origin perpendicular to the line joining the two positive ions.

The model of a bent molecule is actually what we took when we
started the calculation but was gradually yieided to the effective charge
approach due to the greagbomplexity involved. There are far more difficult
three-centre integrals to be evaluated, and there is also the problen of

.

introducing the orbital centred on the displaced anion because L.C.A.0.
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centred on these ions would not produce twf of definite even and odd parities
and the orthogonality condition of the ground and first excited state
wavefunction would not be satisfied.

(e) Ton-size effect.

Our criterion based on the magnitude of Z to differentiate between
type I and II Fp-centres is violated by numerous crystals with dopings
larger than host cations, all of which we had disregarded in Section 5.2
on the basis that Fj-centres will not formed with such combinations. It
may be worthwhile here to re-examine the justification.

In deriving the magnitude of Z, we have not taken any ion-size
effect into account; we have simply treated each ion as a point charge-
and completely neglected the presence of the outer electrons. In crystals
with large substitutional cation and/or large host anion, this can play an
important role in increasing the effective height of the potential barrier
in the electronic potential through Paulifs repulsion, and therefore increases
the magnitude of Z. It may be that by including proper 'treatnent of the ion—
size effect; the values of Z of those crystals with large substitutional
cation; and also RbBr:Ili will be shifted to the type I region, The ion-
size correction of Bartram, Stoneham and Gash(zg) ﬁﬂght provide a
convenient starting point to introduce this effect into the present problem.

There is no serious theoretical justification for the way we
assigned the values of ¢ to RbF:Ii, RbF:Na and NaF:Ii, Therefore, the
calculated emission energies will be somewhat uncertain. This is inevitable,
~ however, in the framework of our model and approach.

A reliable theoretical method to determine whether a given Fj-
centre is type I or II is by no means easily attainable. Even the detail

consideration on the energetics of the defect system in ref. 21 have not
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been completely successful due to the very delicate self-consistent balances
of the various contributions to the total energy. Thus, our criterion
based on the effective charge Z must not be taken very seriously. Nevertheless,
the results obtained in the present work have definitely rendered Naf:L) ,
RbF:Ii and RbF:Na outstanding for future investigation into new F A(II) centres.,
If small emission energy is taken as a criterion for stability relative
to the vacancy configuration and also relative to the conduction band,then,
RbF:Ii would be the most stable of our proposed new F A(II) cenitres.

We believe that I»iollenaner's(]z) original suggestion was reasonable,
but feel that the approach cannot yield reliable results without further

refinement.
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APPENDTX 1

DETERMINATION OF THE POTENTTIAL ALONG THE (110)

DIRECTION FROM A CATTON VACANCY IN A NaCl-TYPE

LATTICE.

In this Section, we wish to show how equation (4.3) in Chapter L
was obtained; based on the result published by Slater(zh).

In ref. 24, the potential at a thousand points inside the unit
cell of a f.c.c. lattice of positive charges plus a uniformly distributed
negative charge sufficient to neutraligze the positive point charges are
calculated by Ewaldts Method. We extract from it the potential at some
points of such a lattice in Table VII.

To get the potential of a NaCl-lattice, we superpose to our
positive lattice an identical negative lattice (made up of f.c.c. array of
point negative charges plus uniformly distributed positive charges), with
each lattice point displaced from the former one by an amount (a/2) where
a is the lattice spacing. The potential of the points of the superposed
lattice are then given by the sum of the two. Thus, for example, in order
to get the potential V, at the point (.20,.20,0) of a NaCl-lattice, we
add the potential at (.20,.20,0) to the negative of the potential at
(.30,.20,0), both of these are read from Table VII,

We did this to five points in the (110) direction, These will be
Ve

9

the potentials,for a perfect NaCl-lattice, To obtain the potential in the

vicinity of a cation vacancy, we simply subtract from Vp the appropriate

Coulomb energies (r/2a)™"., These are tabulated in Table VIII.as V..

V. is plotted vs. (r/2a) in fig. 18, We want an explicit functional

relationship between the two. At r = 0, it is obvious that the potential

is just the Madulungts energfo(M. For r»0, we can write Vo in terms of a

power series in r,
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TABLE VIT

Potential of 2 f.c.c. lattice of ﬁositive charges
plus an egual amount of uniformly distributed
negative charges. (x/2a, y/2a, z/2a) are the
Cartesian components of spatial points within

the lattice,; using orthogonal, non-primitive

basis wvector of length 2a. The last column is

the potential expressed in dimensionless unit .

The factor of 2 appears because of the different

defination of 'a' used by Slater,

x/2a y/2a z/2a 2a¢

0.05 0.05 0] 9599
0.10 0.10 0 2.655
0.15 0.15 0 0.514
0.20 0.20 0 =0.343
0.25 0.25 0 =0.583
0.30 0.20 0 ~0.635
0.35 0.15 0 -0,778
0.40 0.10 0] ~0.934
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TABLE  VIIT

tyoe lattice. V_ is the pobtentlal due to a perfect lattice and
B D

% . s ; , R s
(r/2a)7" is the missing Coulomb energy due to the missing cation.

(x/2a, y/2a, z/2a) are the Cartesian Components of the spatial

point, potential is in dimensionless unit 2al

x/2a /28 z/2a v, (r/22)~1 Ve =V, - (r/2a)~1
0.05 0.05 0 10,68, 'izin..u.(z 3.9 N

0.10 0.10 0 3.589 7.071 =3.488

0.15 0.5 0 1,292 b7, ~3.422

0.20 0.20 0 0.295 3,53 3,240
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]

- cikA % :E: C:aa <;f§%;-t> (L@\|~‘:>

Az even

e Con

odd power terms in the above series cannot exist because of symmetry. It

2 terms also vanish when the two

is also pointed out by Slater that r
lattices of different signs are superposed. Thus, the laest order term:

is o, Taking two terms in the series should be sufficient for our purpose:

4 ¢
V, («E%- = -l + CA~(“£"Z> + CC<“§’Z) (AL:2)

The constants Ch and G4 are then determined by least squares fit

method with the data in Table 8. We can derive analytical expressions for

them : "
&
¢ ¢ o [ I gy * oL X
X,
[ %
C:‘ ==: 19 :i 10
Lt oL 22
v $
b A

@y
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y; and x; in the last equation are the vélues of V, and (r/2a) in Table VIII
and the.sw'amation is from i = 1 to 1 = 5, corresponding to the five
available data. The results are

Gy, = 35.03887

Gy = 62.65806

substituting these values into equation (Al.2) reproduces equation (4.3)

exactly.



APPENDIX 2

In this section, we tabulate the ground and first excited
state energies as functions of molecular s1ze R for the predicted
and experimentally known F,(II) centres, as calculated from equations
(3.5) and (3.7) with optimized values of o and C. They are given in
Table IX to Table XV. R is in units of Bohr radius, energy in ev.

The FA(II) centres are characterize according the their effective

charges Z.

Qs



%

IABLE  IX

KF:li, 2 = 0.8876
R : ch' Cg Eg H o, C, Eu
0 ~16.834 ~L..20%
1 0.94 0,640 ~13.54 0.58 145l | ~4.552
2 0.8 ~0.546 ~11.291 0.39  -0.054 ~5.788
3 v0.83 ~0.435 ~10.296 0.57 0,141 7439
L 0.86 ~0.314 ~10.001 0.69 0,259 ~8.796
5 0.91 ~0.204 ~1o.;17 0.83 -0.199 —9.65%
6 0.95 -0.128 ~10.39% 0.50 ~0.141 ~10.243




TABLE X

Kf:Na, Z = 11,0035

@7

@‘3, Cg By Xy Cy Ey
-13.511 ~3.378
0.85 -0.770 ~11.064 - 0.52 1.373 -;3 627
0.78 ~0.652 -9.392 0.34 ~0.046 ~l o618
0.79 ~0,507 -8.806 0.53 ~0.135 ~6-,099‘ .
0.83 ~0.366 -8.667 0.66 -0.259 ~7.565
0.88 -o.zz,é ~-8.953 0.79 -0,228 -8.575
0.9 ~0.14, ~0.389 0.88 ~0.160 -9..285:




TABLE _ XI

KCl:1i, Z = 0.9976

98

R @(% Cg Zg Hlay Cy B,

0 ~13.670 _3;418
1 0.86 ~0.762 ~11.185 | 0.53 1.577 ~3.118
2 0.79 ~0.641 ~9.455 0.34 ~0.047 NSNS
3 0.75 ~0,509 —8.806 0.53 ~0.137 ~6.,165
L 0.83 -0.365 -8.733 0.67 ~0.267  -7.627
5 0.89 ~0.23], ~5.012 0.80  -0.222 -8.629
6 0.54 ~0.143 —9.440 0.88 ~0.160 ~9.333




TABLE  XIT

RbCl:Li, Z = 0.976¢

99

&gr Cg Lg Ky, Cy | E,

~1Le241 ~3.560
0.87 0,740 ~11.61% 0.54 1.566 -.-'3.560
0.80 ~0.623 ~9.817 035 ~0.049 ~h. 854
0.80 ~0.492 -9.082 0.5, ~0.141 ~6..4,00
0.8 ~0.351 ~8.571 0.67 0,259 =7 .8L5
0.89 ~0.231 ~9.219 Q.e;o «0,222 ~8.822
0.94 ~0. 12 ~9.620. 0.68 - 0.158 ~9.505




TABLE  XITT

NaF:1i, Z = 0,980

o0

R

=i

& 8 2 u

0 14141 ~-3.535
1 0.87 ~0.743 ~11.540 0.5 1.621 - -3.802
2 © 0.80 -0.625 =9.759 0.35 -0°Q49 ~1,.818
3 0.80 ~0. 49k ~9.03L 0.54 ~0. 1,0 | -6.360
L 0.8% ~0,352 -8.930 0.67 ~0.258 ~7.808
5 0.89 -0;232 ~9.184 0.80 ;o,zzzk ~8.789
0.94 ~0.142 ~9.589 0.88 ~0,15% =277

[




TABLE, _ XIV

RbF:Id, Z = 0.865L

10/

X c, E, o, ¢, By
~17.514 14379
0.95 ~0.617 ~14,.045 0.58 1224 ~bh379
0.8l -0.534, ~11.667 0.39 ~0.063 ~6.031
0.83 ~0.128 ~10.604 0.58 ;O.lé5 =7. 704
0.87 ~0,301 =10.,271 0.69 ~0.260 -~5.03L
0.91 0200 ~10.312 0.8, 20,192 -9.870
0.95 0.125 10,534, 0.90 0,139 ~10.43L
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RbF:Ha, Z = 0,9791

G, Eg oL, Cy E,
war 3545
~0.742 ~11.568 0.5L 1.600 ~3.813
~0.62L ~9.761 0.35 ~0.0%7  =Le832
0,493 ~9.052 0.54 . =0.140 ~5.375
0.352 8,946 0.67 0.258  —7.8L6
-0,231 ~9.197 o.ao: 0,222 ' -3.801

0,142 ~9.601 0.86 =  ~0.15% ~9.487
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APPENDTIX 3

The Schrodinger ecuation of the model

molecule in free space and in a dielectric

medium,

We want to demonstrate here that the Schrodinger equa-~
tion of the model molecule in free space ( equation 2.4 )
is equavalent to that in a dielectric medium (equation 2.4)
if we make the transformation given in eguation 2.7.

First, we rewritc the free space equation (2.4):

2 - ( | z -—d ’ =P -
VW v 2 (ot G F Jeir )+ ECRZIYr) =0

This will not change if we multiply the L.H.S. by ko_z where

ko is a constant later taken to be the dielectric constant

of the medium:

L/ ECRZ)
—3V \P(r)* _&g( + )LP(\')"' ‘&zz \P(\') o

EcR Z)

Y( Y=o

o VEWT)+ 2 ( e— - E,)\l'c?’)-t-
%
(A3:1)

ot 2 2

where V’z = ry +
ok, r) £ ,r (&Y
! = Iz
ra,b' = kora,b

If all lengths in eqguation (AB.l) are now scaled by a factor

of ko'.



{ O4-

= == =B
I ey T =

j
~

R ——3 koht

we have:

£,
L2 gty BRIy 2
e R, e

|
TRy Py + 2 (o
©

and this is exactly the Schrodinger equation of the molecule

in a dielectric medium if we identify:

Top = KoR

E = k,"RE!



