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ABSTRACT

The optical absorption and emission of the A~band of single crystal
potassium bromide containing thallous ion impurity has been investigated
over the temperature range, 15 K - 296 K.

The experimental absorption line shapes have been studied system-
atically as one or more symmetric or asymmetric gaussian bands in order
to characterize the shape in terms of the fewest parameters. The best
empirical fit was found to be the sum of two asymmetric gaussian bands.
Interpretation of the experimental results on the basis of the configuration
coordinate model was found to be unsatisfactory. The data are best
explained by the Jahn-Teller interaction of the T2 vibrational modes
of the lattice with the excited state of the A-band.

The emission line shapes were characterized by two symmetric
gaussian bands. The experimental results can be interpreted on the
basis of the co-existence of two types of minima on the adiabatic
potential energy surface of the excited state of the A absorption band

as a consequence of Jahn-Teller interaction with Eg vibrational modes.
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CHAPTER I

INTRODUCTION

Some materials which contain impurities show characteristic
absorption and under the influence of suitable excitation they fluoresce.
Such materials have been investigated extensively during the present
century. However, the need for efficient phosphors for fluorescent
lights, cathode ray tubes, scintillation counters etc. has attracted a
major portion of the attention to systems of commercial importance.

This is unfortunate, since these phosphors are complex and not amenable
to detailed theoretical interpretation.

There is a group of phosphors which are both physically and chemically
simple. These are the alkali halides containing impurity ions having
the s? configuration. Large single crystals of these materials can be
prepared and the octahedral symmetry of the alkali halide lattice
simplifies the theoretical approach. Moreover, since these phosphors
show many characteristics common to phosphors in general, detailed
understanding of the processes jinvolved should provide the basis of a
model for more complex systems.

The presence of a small concentration of thallous ion in pure
potassium bromide induces optical absorption bands on the long wave-
length side of the fundamental absorption of the host lattice. These

1



bands are designated A, B, C and D in order of increasing energy. The
absorption spectrum of KBr:TI+ at 82 K is shown in Figure [I-1].

The first investigation of the absorption of alkali halide phosphors
was done by Hilsch [1] in 1927. A number of others at the Gottingen
school [2-5] continued the study during the next few years.

In 1938, Seitz [6] presented the first detailed explanation of the
properties of alkali halide phosphors containing thallium as impurity.
His interpretation was based on the assumption that monovalent thallium
ions, Tl+, replaced alkali metal ions in the lattice and that the long
wavelength absorption resulting from the introduction of the impurity
could be attributed to the excitation of the thallium ions.

The first theoretical calculation of the electron-lattice interaction
was given by Williams [7,8,9] for A-band absorption and emission in
KCl:Tl+. He calculated the adiabatic energy as a function of a single
radial configuration coordinate, the distance from the thallium ion to
the neighbouring chloride ion. The theory was modified [10] to include
spin-orbit interaction.

Klick and co-workers [11,12,13] were able to derive configuration
coordinate curves on the basis of experimentally obtained parameters.

It was assumed that both ground and excited states were simple harmonic
oscillators, that the symmetric displacement of neighbouring halide ions
was the important mode of vibration and that the excited state could be
treated classically. Only four parameters were required to characterize
the adiabatic potential curves; the force constants for the ground and
excited states, and the relative displacements of the minima of the

parabolic curves with respect to both energy and the configuration



FIGURE [I-1]

ABSORPTION KBr:TlT - 82K
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coordinate. A review of the configuration coordinate approach has been
given by Klick and Schulman [14].

Experimental measurements on KI:Tl+ [15] showed that the A and C
bands were structured and it was found that even in systems where
structure was not apparent, characterization in terms of a single
configuration coordinate was inadequate [16]. Despite the limitations
of the model, Edgerton and Teegarden ;18] were able to propose a
configuration coordinate diagram to explain the emission in KI:T1+.

Kamimura and Sugano [18] extended the one-dimensional configuration
coordinate model to six dimensions by considering the interactions of
the excited state with the Eg and ng vibrational modes of the lattice.
Fukuda [19] presented extensive experimental data on the optical
absorption of several ions with the s® configuration in a series of
alkali halides. His calculations on the ratio of the dipole strength
of the C band to that of the A band were consistent with Sugano's
formula [20].

Toyozawa and Inoue [21] investigated the Jahn-Teller effect of the
ng mode of vibration. They calculated absorption line shapes and were
successful in explaining the structure in the A and C bands, certain
asymmetric characteristics of the A band, and the temperature dependence
of the separation energies of the fine structures of the bands. Based
on the model of Toyozawa and Inoue, Cho [22] developed a general way of
calculating numerically by Monte Carlo integration the absorption line
shapes for unpolarized light due to singlet triplet transitions in the
presence of various modes of lattice vibrations. Homna [23] used the
moments of the absorption band shapes to calculate the numerical values

of the vibronic coupling constants.



Excellent discussions on the entire field have been given by
Williams [24], by Teegarden [25] and by Fowler [26].

Although considerable effort has been directed towards a study of
the optical properties of TI+ in KC1 [13,16,27-41], in KBr [32-36,42-46]
and in KI [32,33,34,44—52], the exact nature of the interactions between
the impurity ion and the host lattice particularly in emission is not
fully understood. Qur effort was concentrated on a detailed study of
KBr:Ti+. It was hoped that an intensive investigation of the temperature
dependence of absorption and emission in the same sample would provide
greater insight into the problem. The major emphasis was on the A-band
since in KBr:TI+ this band is isolated from the B and C bands.

This thesis is divided into seven chapters. Chapter II contains
a review of the theory which formed the basis of our approach to the
analysis of the experimental results. Chapter IIL outlines the general
experimental techniques used. The specific details of the experiments
are given in Chapter IV and the results in Chapter V. In Chapter VI,
the expe;imental results are discussed. Chapter VII is a summary of

our findings.



CHAPTER II

THEORY

1. Introduction

1-1 Energy Levels of Free Thallium lon

The ground state configuration of TI+ jon is .s?, [Xe4f1“5d1°6sz],
and the first excited state has the configuration sp. The spectroscopic
terms associated with these configurations are 'S from s? and 'P, 3p
from sp. The effect of spin-orbit interaction is to lift the degemeracy

of the triplet state. The energy level scheme is shown in Figure [II-1].

1-2 Energy Levels of Thallium Ion in the Crystal

When T1Br is added to pure KBr, K+ jons are replaced in the lattice
by TI+ jons. As a result of the Madelung field [53], the free ion states
are raised in energy, the ground state more than the excited states.

In addition, the octahedral crystal field of the lattice splits the
3p, state of the free ion into two levels. The energy level diagram [6]
for the low lying levels of thallous ion in the crystal is shown in

Figure [II-1].

1-3 Assignment of Absorption Bands to Transitions on 71* Ion

The strongest absorption band, C, corresponds to the completely
allowed transition 1p > 17 . The transition 1p + 3 is spin
18 1 18 u

6



FIGURE [II-1]

ASSIGNMENT OF ABSORPTION BANDS OF KBr:Tl+ T0

TRANSITIONS ON Tl+ ION

A-band - A =+ 3T
18 lu
B-band - 1p > 37 or 3g
1g 2u u
C-band - A, =~ T
1g lu

The energy scale refers to the free ion and the

positions of the levels in the crystal are only approximate.
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forbidden but symmetry allowed in the crystal and occurs because of
spin-orbit mixing of the singlet and triplet states. The A band results
from this transition. The transitions 1A1g g ?Eu or 3T2u are spin and
symmetry forbidden but are weakly allowed in the crysfal because of
lattice vibrations. This causes the appearance of a weak absorption
band, the B band. The transition 1A1g > ?Alu is completely forbidden.
The D band is ascribed to a perturbed exciton [19].

Transitions to higher excited states will be obscured by the

absorption edge of the crystal.

2. Optical Tranmsitionms in Crystals

Detailed treatment of the theory of optical transitions in crystals
is given in several places [54,55,26]. Only a summary of the results

will be given here.

9-1 Transitions in the Free Atom

For a system interacting with electromagnetic radiationm, the total
Hamiltonian can be written [56] as
i=89+ 8 [1I-1]
where ﬁo is the time independent operator describing the unperturbed

~
system and H! is the perturbation due to the electromagnetic field.

In the absence of the perturbation, the eigenfunction solutions to the

equation . )
HY = ifid¥/3t [11-2]
are
-— o - ' -
¥ (r) = Vjexp(-iE;t /) [11-3]



The general solution is given by
— o -
W(to) = ?aj?j(to) [TI-4]
J
%
where ajaj is the relative probability that the system is in the state e
If the perturbation is present, equation [II-4] is no longer the
solution of the wave equation [II-2]. However, the general solution

can be written as

¥(t) = Za,(t)¥°(t ) [II-5]

where the coefficients aj are time dependent. The tramsition probability

*
is given by the time derivative of aj (t)aj (t).

The probability per unit time of a transition from an initial state

n to a final state m is

A 1 e
m- % e L [ p(v)dv ] vaa(lEm—Enl-h\)) [11-6]

where an is the dipole moment matrix element

M - = <p|Z-er,|n>
m i ~J

and [p(Vv)dv] V=V is the energy density of the radiation field evaluated
m

at v=v i.e.
mn
p(V)dv = N(hv_) = N(IEm-Enl)

where N is the number of photons per unit volume and hvmn is their

energy. Then
4r2e? 1

p— —— - 2 _ _ -
Yom ~ 73R 4me IEm EnI N lfml 6(lEm Enl hv) [1I-7]
where
r = <a|Ir, [n>
~mn -~J

J



If the light beam is polarized, %Izmﬂlz where

is replaced by |Q°£mn|2

7 is the unit polarization vector.

~

Equation [II-7] is valid only under the following conditions [26].

(a) N is small.

(b) Before the tramsition occurs, the probability that the system
is in the state n is 1, i.e. a;anél.

(c) Only electronic dipole transitions are included.

(d) The transition takes place between discrete states.

It should be noted here that

Yo~ Vom [11-8]

There are other quantities which are related to the transition
probability.
1. Absorption Cross Section

The absorption cross section, an is defined as the transition

probability divided by the photon flux and integrated over the delta

W
- §_on
an —./.Nc d(hv)
4m2e? hv

A =
[o}

function.

2. Oscillator strength

The oscillator strength fmn is defined by

4‘n‘m° )
£ =% m lfmnl [11-10]

3. Absorption Coefficient
The absorption coefficient, k, is the probability that a photon

will be absorbed in traversing a unit length of material. If Iv is the

10



11

intensity of incident radiation, and dx the distance travelled through

the material

dIv = —kIvdx [I1-11]
Then
w_ N
_ nm A
khm(hv) = Ne

2 2
4T%e NA (hvmm)
3fic (4ﬂso)

|z_.|? 8(|E -E_[-hv)
~mn m n [II-12]

NA is the number of absorbing atoms per unit volume.

The absorption coefficient depends linearly on the photon energy,
hvmn. The absorption line shape, I, is defined as absorption coefficient
divided by photon emergy. For an absorbing sample obeying the Beer-

Lambert law,

Iv = Ivoexp[-kd]

where I\)0 is the intensity of the beam incident upon 2 sample of thick-

ness d and k is the absorption coefficient. Then

I
log 329
v

or k

optical density = 55%65

2.303 optical demsity
d

Therefore, the absorption line shape can be defined in terms of

experimentally measured quantities as

2.303 X optical density
crystal thickness X E

I = [II-13]

where E is the photon energy, hv.



12

4, Einstein Coefficients

In the presence of a uniform electromagnetic field of frequency,
V, andt is the probability that the field will induce a tramsition
from state m to state n with the emission of radiation and Bnmﬁt is the
probability that the field will induce a transition from state n to

state m by absorption of radiation in time dt.

_ _ 2me? 2 1
Bom = Ban = %2 lEmnI 4me [11-14]
(o]

Amndt is the probability that a system in state m will undergo a

spontaneous transition to the state n in time dt.

4e? (h\)mn)3 Igmmlz
A:mm = ime [11-15]
334" o

The probability of spontaneous emission is proportional to the cube of
the photon energy, hvmn' The emission line shape, I, is Amn/(hvmn)3.
The emission line shape in terms of experimental quantities is

measured intensity of emission

E3

I-= [II-16]

All the relationships defined above refer to pairs of non-degenerate

jevels m and n. For degenerate states, lrmnlz must be replaced by

2 1zp,ql°
P2q
g;

where p,q label the degenerate states and 8; is the degeneracy of the

initial state [57].
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2-2 Modifications Due to Crystal Medium

For a localized centre embedded in a crystal, certain modifications
must be made to the expressions for the transition probability and
related quantities.

The transition probability, LA is proportional to the square of
the electric field at the absorbing centre. Therefore, LA must be
multiplied by (Eeff/Eo)2 where Eeff is the magnitude of the field
effective in inducing the transition and Eo is the average field in the
medium. For a compact centre the ratio is given by the classical Lorentz

expression [55],
= 1+ {21 [II-17]

where n is the index of refractiom.

In a medium of permittivity, €, the energy density of the radiation
field is proportional to 1/e and €=n2€°, where eo is the permittivity
of free space. Therefore, Vo is proportional to n_z. Also, the
velocity of electromagnetic radiatiom is ¢/n where c is the velocity in

free space. Hence in a crystal

4W2e2NA 1 Eeff 2 »
knm = m ;1- -To— (h\)mn) IEml G(IEm-EnI -hv) [11—18]
and
2
2 E
N (—;ff ) I, |2 (11-19]
m 3c3ﬁ“(4ﬂeo) o -
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3. Calculation of Spectral Lime Shapes

In principle, the spectral line shapes can be calculated accurately
from the equations given in tﬁe preceding section. However, serious
problems are encountered in evaluating the matrix element |£mﬁ|2 when
the transition occurs in a solid. The main difficulty is in separating
accurately the motion of the electrons from that of the lattice. The
usual approach is to use the Born-Oppenheimer approximation which in
essence assumes that the positions of the atoms do not change significantly

during the time required for electronic excitation.

3-1 Born-Oppenheimer Approximation

In the Born-Oppenheimer approximation, the nuclear and electronic

motions are separated by writing the state function ¥(r,R) as the product

¥ @R = bp @)X ® [11-20]

where n denotes a set of electronic quantum numbers and N a set of nuclear
quantum numbers. VP is the electronic wave function and depends para-
metrically on the nuclear configuration through the nuclear coordinates,

R. X 1is the wave function for nuclear motion and depends on the electronic
state through n.

wnR(E) satisfies the Schrodinger equation

[T, + D@D Mg (2) = @V [11-21]

which describes the electronic states at adiabatically fixed nuclear

coordinates. U(E,E) contains z1l the potential energies arising from
electron—-electron, electron-nucleus and nucleus-nucleus interactions.
As the atoms vibrate, U changes and so wnR(E) and En(g) change

-~

continuously and adiabatically.
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xnn(R) satisfies the Schrodinger equation

[Ty + E,RIX, ®) = E X ®) [11-22]

which describes the vibrational motion of the nuclei in a potential
energy En(g) supplied by the average positions of the electroms. En(g)
is generally referred to as the adiabatic potential. Expansion °f~En(§)
about the equilibrium positions of the atoms and neglecting terms of
third order and higher gives an adiabatic potential quadratic in R.
Then equation [II-22] is the equation of a set of harmonic oscillators.

For the ground state, n=3a,

E (R) = T ¥M.w,2Q> 11-23
a® = 2 0,0] [11-23]

where Qj is one of the normal coordinates and wja is the angular

frequency for the jth normal coordinate for vibrations of the nuclei

in the ground electronic state. Equation [1II-22] can be written as

7% 32 202 -
Z [.ZTj aQZ + %Mjmj an Xaa (g) - Eaaxaa(g) [II—24]
J 3

where u labels the vibrational state. The solutions to equation [II-24]

are

(Qj) [II-25]

xaa(g) = ? ¢aOLj

where the normal mode state functioms, ¢aaj(Qj)’ satisfy the equation

“#2 3?2 2.2

—_— —  + M. w. °Q: .(Q.) =¢__. .(Q. 11-26

Hﬂf 0,202 | 6,00 = €410, [11-26]
|

The solutions to equation [II-26] are the harmonic oscillator eigen-

functions and eigenvalues.
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In order to discuss transitions from the ground state, a, to some
excited state, b, it is necessary to obtain the vibrational wave functions
for the excited state. To avoid complications in evaluating matrix
elements, the adiabatic potential Eb(g) must be expanded in terms of

the normal coordinates of the ground state. Then

E.(R) =E. +ZAQ, +IB,02 + I C..Q.Q, [11-27]
b~ ab g 33 33 gy B

where Bj=%Mjmj§ and Eab is equal to the energy difference (Eb-Ea)
evaluated when the positions of the nuclei are such that Ea is a2 minimum,
(see Figure [II-2]). If all the Cij are zero, the vibrational wave
function for the excited state would be the product of harmonic oscillator
functions differing from the ground state functions in their frequencies
through Bj and referred to a different origin through Aj' In general

the cross terms CijQin will be small and for simplicity, it is assumed

that Cij=0 for all i,j. Then the excited state wave functions are
R) = 1 . (Q. I1-2
Xp® = T bygs Q) [11-28]

where the ¢b8j(Qj) satisfy the equation

A2 3% 292 - -
[zu By T A Mj“’ijj] %up3 Q) = Epgstg; (%) (11729

. 2
j  9Qs
3
Eabj is the emergy associated with the jth normal mode as a result of
an adiabatic transition from the energy minimum in the ground state.

The solutions of equation [II-29] are simple harmonic wave functions

referred to the displaced origin.
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3-2 Shape Function

The transition probability, w_, (see Equation [II-7]), is propor-

. 2
tional to |£abl where
= > -
T = VorXoplEVar¥a [11-30]

summed in some suitable way over @ and 8. The Born-Oppenheimer
approximation has been used to write the vibronic wave function for
the ground and excited states as products of electronic and vibrational

wave functions

V@R = Y@, ®
~ [1I-20]

xaa(g) and xbs(g) are the products of simple harmonic oscillator
functions (see Equations [II-25] and [11-28]).

The electronic wave functions waR(E) and wbR(E), can be obtained
by solving equation [II-21] but in ge;eral this ;s difficult to do.
It is usual, therefore to use the Condon Approximation [58] which assumes
that the electronic dipole moment, Mab’ depends only on an average value
of the nuclear coordinates, E. The matrix element may then be factored
as

r, o= < lrlv ><xelxay [11-31]

For the tramsition a+> b in a crystal, the absorption coefficient

(see Equation [11-18]) can be written as

4m2e® N, (hv) E z
A 1 eff 1 () [1I-32]

kab(hv) = T3fic (4me) n E
o o
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where Iab(hv) is called the shape function and is calculated by taking
a thermal average over initial states and a sum over final states.

Then

2
I (V) Ava>él<‘vbslglwaa>| JIEREEINE

1

Avag | <wbl§xb6 | H l IPaBXaof [* 8l €bB_Ealcxl ~hv)

R

| <Uy x|y, >] 2Av&282| Npg | Xaoc>| 2 5(] ebB-eaal -hv) [T1-33]

Thus the absorption line shape is determined essentially by the overlap
integral <XbBIXaa>°

The emission probability (see Equation [II-19]) can be writtem as

2
64m%e? (mv)® | n ( Eets )
(hv) = —_ I _(hv) d(hv [11-34]
*ba 3¢*h* (4Te ) Es fba &)

where Iba is of the same form as Iab with the sum over ¢ and the thermal

average over B.

The shape functioms, Iab and Iba’ are proportional to the experimen-

tally derived line shapes defined by equations [II-13] and [II-16].
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4. Configuration Coordinate Approximation

4-1 Introduction

A frequently made simplification to the problem of calculating the
line shapes is to assume that the ground and excited states can be
represented in terms of a single normal coordinate, q.

The ground state adiabatic potential (see Equation [T1I-23]) is
= 1 2,2 -
E (0 M g [1I-35]
The vibrational state functions from the solution of equation [II-26] are

oo i %

= aa _1.n2 _
¢.4@ = o exp[-%p]1 H (p,) [1I-36]

1
where paf(Mawa/ﬁ)éq and Ha(pa) is a Hermite polynomial. The ground state

vibrational energies are

€ = (a + ’/z)ﬁwa [1I-37]

For the excited state, the adiabatic potemtial (see Equation [II-27])

1 2_2 -
Eb Eab + Aq + 4Mbmbq [11-38]

2_ar 12 . .

If Mbmb—Mawa, then Eb differs from Ea in the constant term Eab and
in the linear term Aq. Under these conditioms, the adiabatic potentials
Ea and Eb

2 2 . . s
1f Mfwb#Mawa’ then Ea and Eb have different shapes. This is called

have the same shape. This is the linear coupling approximation.

quadratic coupling.
The adiabatic potential for the excited state can also be written as

E, E, + ’mbwi (q—qO-)2

B F 1/21%“‘12‘13 - (Muqe ¥ ’/szwﬁqz [11-39]
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Comparing equations [11-39] and [11-38],

9 = -A/ (Mbwé) [1I-40]
and E, = Egp - ’/2Mbm§q§ [TI-41]

Equation [II-29] becomes

42 92 2 12

L2 o+ g’ 0, ,(q") = €5 o(a") [I1I-42]
[ZMb 3q"2 My, ] bB b87b8

where q' = 4-4,

and s'bB = Ebs - Eo

Before writing the solutions to equatiom [II-42], p' and Eo are
defined in terms of the linear coupling constant, A. For a simple
1
harmonic oscillator, the unit of length is (‘f"L/l'm))/2 and the unit of energy

is (fiw). Then, if

- ()’

Also

where S = ka
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S is called the Huang-Rhys parameter [59]. (S-%) is the average number
of phonons created as the excited state relaxes after a Franck-Condon
[58] tramsition.

The vibrational wave functiomsfor the excited state are

(Id.btx)b/ﬁ)1/2 %

dpgla’ = 2B

exp[5(p,+a) *] Ho(p +a) [11-43]

and the corresponding electronic energies are
t = 1 -
€ b8 B + z)ﬁmb [TI-44]
The excited state eigenfunctions and eigenvalues are referred to the

origin (Eo,qo), Figure [II-2].

4-2 Quantum Line Shape - Linear Coupling

The overlap integral (see Equation [II-33]) can be evaluated readily
only if
Py = p, = P
which requires that [II-45]
Mbmb = Mawa = Mo
The two conditions [II-45] and Mbw§=Maw; mean that both the reduced mass

and the frequency must be the same in the ground state, a, and the excited

state, b. Then

- 1 -
HoglXar” = o EE Tos -4l
where -
g - f expl-5(p+a) 2] Hy(ptad expl-%o”] B, (p)do [11-47]

0O



FIGURE [II-2]
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By using the generating function for the Hermite polynomials, equation

[II-47] can be written as

% 2q =
IaB = Tlexp[-%a“] L
v=0

2%(2) B%(=a2/2) Yo !
Cay) 17! (B=ay) !

[11-48]

The overlap integral becomes

% oo Y a2/ B
gty = expla’] (g—:) 3 (L) (2%/2) Bl alV2) [1I-49]
)

v (o-Y) ! (B-atY) !

1/ 1
exp[-’/ZSI(‘é‘—i) " g0 (8 [11-50]

where S is the Huang-Rhys parameter and L is the Laguerre polynomial.

The line shape is

I, V) I’:’ab|2 Ava2|<xb3|xaa>|2 é(lebs—aaml-h\)) [II-33]

]zz exp [~ (05) fiw/KT ] epi-s1 K

= IEab [
o=0 Y exp[-(a'"+5)w/kT]
B=0 o'=0
_ - 2
-‘;—i gt {Li %(s) } §(|eyge el V) [II-51]

The sums over & and B can be reduced to a single sum over p where
p = B-o [1I-52]
Then

I, () = lgabl2 T exp[-S coth(fiw/2kT) Jexp[pfiw/2kT] X
P==

I [Scsch(fiw/2kT) 18(| ebB-eaai -hv) [11-53]

where Ip is a modified Bessel function [60].

23
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In the limit T=0 K, 0=0 and p=f-0=B. As T >0, esch@iw/2kT) + 0 and

the Bessel function can be written as [611

2)®
I = 1I-54
P(Z) P! [ 1
where p is an integer greater than -1 and

2 = S csch(fiw/2kT) [1I-55]

Then the shape function (see Equation [1I-53]) at T=0 K reduces to

e-S SP 2
o1 a(lebs-saal-hv) Iz, b| [II-56]

[e]
Iab(hv)= z
p=0

The line shape consists of a series of evenly spaced delta functions with

varying weights. The weighting factors increase with increasing p reach-

ing a maximum near p=’éa2 and then decrease as p increases beyond this

value [59,62]. Plots of line shape against p at T=0 K are given by

Keil [63] for several values of the coupling constant, a- For large

values of a, the curve defined by the emvelope is very nearly gaussian.
For large arguments, the asymptotic expansion of the Bessel function

is [64]

2 © n 2 2
Lo "= [1 L o DR (3o ip(20-1] )] 11-57]

(2‘n’z)/2 n=1 n! (82)11

1f |p2/22l <1,

1 2
I_(2) = — exp (z - P—) _
P (212) 2 2z [1I-58]

where z is defined by equatiom [I1-55].

At high temperatures

z~>S (%)T-) >> 1 [1I-59]

and the expansion given by equation [11-58] is valid. Then in the high



temperature limit, the shape function is

2
|x | & 2
_ lxab piw p°
Iab(hv) = p _Z exp ( T " 22 ) G(IEbB-eaal-hv) [I1-60]
(21z) © p=—w

The spectrum consists of a series of lines at energies determined by

the delta function and the intensity of the transition is determined by
the exponential term. Experimentally the lines are unresolved and only

the band envelope is measured. The characteristics of the band envelope
can be investigated by omitting the delta function and treating p as a

continuous variable. Then

I T l ( 2
~ab E‘ﬁw P )
I = - -
b(h\)) bt ) )% exp okT 2 [11-61]

By differentiating with respect to p, the value of Iab at the maximm

can be found. Then

I -(p-p)?
Iab(max) 2z

where Py is the value of p at the maximum.

(6p7€a? = Eo ¥ (B-)fiw = E_+ phw [11-63]
But (ebB-eaa) is equal to the photon energy, E. Then
E-E = (p-pp fiw [11-64]
where Em is the energy corresponding to the maximum in Iab'

Therefore,

Iy [ -(E-E ) 2 ] :
——— = exp —— 11-65]
I p(max) 22 (fiw) 2
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Thus for a single mode in the harmonic approximation and for the
case of linear coupling, the line shape is accurately gaussian at high

temperatures.

4-3 Semi-Classical Approximation

An alternative approach to the problem of calculating the line
shape is to treat the ground and excited states as classical oscillators
and to define an effective temperature SO that the average emergy in

the initial state is that of a quantum mechanical oscillator.

- 2 - - -
1,0y = Ava§|<TbB|£|Taa>l a(labB eaal hv) [11-33]
where
exp[-eaa/kT] : :
Av = - = Zp [1I-66
o " i'exp[ €aa'/kT] o 2

Using the Born-Oppenheimer approximation,
= 2 - =
Iab(hv) - iépaal<wbEXb8|£lwaEXau>‘ 6(lebB 8acxl o)

and using the Condon approximation,

L) l<wa‘£|¢b>lziépaa‘<XbBixa@> 26(|€b8—€aal-hv)

Izablzgéoaa|<xbslxau>|26(leb3—eaa|-hv> [11-67]

1f the transition is to a state of large vibrational quantum number,

then the excited state potential can be treated classically, i.e.

ebs(q) = Eb(q) [11-68]

The sum over B in equation [1I-67] can now be done using closure.
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2 *
2 |<Xb8lxaa>| §<Xb8lxaa? <XbB|xaa>

§<Xaalxb8><xbslxau>

<Xaulxaa? [11-69]
since

glxbsxxbsl =1

<Xaalxaa? = 1 if the wave functions are normalized. Then equation
[I1-67] reduces to

Iab(hv) = |Eabligpaas(IEb(q)_eaal_hv) [11-70]

For sufficiently high temperatures, the ground state can also be

treated classically, i.e.
eaa(q) = Ea(q) [11-71]
Then

Ly = |5l 2oy 8 (1R, @2 @]

Paa becomes
exp[-E, (9) /K]

fdq exp[-Ea(q)/kI]

"
©

and
ipaa becomes qupa

Therefore
exp[-Ea(q)/kI]

S(|E

T, @) = |r | [de L(@-E (@] (11772

fdq exp[-E_(d) /kT]

where the integrals are over the range -* to 4o,
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2 [II-35]

1
Oy

Ea)

Nal

Ea(q)

and E () = E,+%(aq)° [11-39]

Then

E = B (D-E (1) = B + #Ka, - K90+ (&, K )q’

2
E, - K90+ %&,K)q [11-73]

4-3a Linear Coupling [65]

In the linear coupling case, Kb=KaEK and

E = Eab - Kbqoq ‘ [11-74]

) .

a2

I, (V) = |z, |2 f dq :xp[ Kq’ /2] 8 (8, -Rq q-hv)
[ dq exp[-Rq®/2KkT]

1/2 [+
= 2f X _ —Kq?2 —Kq q-
lfabl ( 5 nkT) / dq exp[-Kq°/ 2kT]6(Eab quq hv)

-0

Using the delta function properties

§¢-x) = 8
§(ax) = (/|a])8)
Le(x)8(x-byax = £(b)
Iz " 1 \* ~(8 5BV
T ®V) = o e | &P — ] [11-75]

Iab(max) can be evaluated by differentiating equation [II-75]. This

leads to the results,

g =
and E = E_, a constant.
m ab

3
E,
.
g
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1 -(E-E )2
ab m
Ip max) [ 2KTRq? ]

Classically, the average energy of an oscillator is kT. Quantum

mechanically, the average energy in the ground state is

€, = (o)
where

T = (explfin fiT] - D7
Thus,

Ea = zﬁwa coth(‘ﬁma/ZkT)

The classical expression for the line shape can be used if the tempera-
ture, T, is replaced by an effective temperature, T*, defined by

kTt = Yw_ coth(fin, /2kT) = Ea [1I-77]

’
At high temperatures, kI* behaves like kT and at low temperatures

kT* > %ﬁwa. It is the introduction of the effective temperature which
converts the classical expression to a semi-classical form [8].
Comparing equation [II-76] with the general expression for a

gaussian curve

_ 3 32
- ) exp[ 41n2(E-E ) '|
Y(max) 2
Hobs 4
where Hobs is the full width at %Y(max) and using equation [II-77] for
T* gives
2 _
B = (41n2)1<q§ﬁmacoch(ﬁma/2ktr)
_ %
or Hobs = Ho[cothCﬁmaIZkI)] [II-78]
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1
where Ho = [(41n2)Kq§ﬁwa]é [11-79]

The line shape derived in the semi-classical approximation is
accurately gaussian. The position of the maximum is temperature
independent and the temperature dependence of the half-width is given
by equation [II-78].

With the use of equation [II-77], equation [I1-76] becomes

Iy -(E—Em)z
= a(max) = exp tanh (fiw/ 2KT) [1I-80]
ab KqSCﬁM)

The high temperature form of the quantum line shape (see Equation [II-65])

L
can be written, using equation [II-55], S=%a?, and qo=-aCﬁ/Mw)2, as

2
I, ) [ -(E-E)
Iab(max) qu(ﬁm)

sinh(ﬁm/ZkT)] [1I-81]

This equation is valid only for high temperatures, i.e. (fiw/2kT) small.
Under this condition

sinh(fiw/2kT) = tanh(fiw/2kT) = (2KT /fiw) [11-82]
and therefore the quantum line shape and semi-classical approximations

give identical results in the high temperature limit.

4-3b Quadratic Coupling

For the quadratic coupling case, Kb#Ka, and (Eb(q)-Ea(q)) is given

by equation [II-73]. Then equation [1I-72] becomes

exp [-Kan/ 2kT]

8(E_, K, a q+%(K,-K,)a*-hv)

©
Iab(hv) - Izablzf dq

-0

- 2
fdq exp[K_q°/2KT]
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% po
f dq exp[-Kaq2/2kT] X

6(Eab-quoq+’/z(rcb-1<a)q2-hv)

The integral can be evaluated using the following property of the

delta function.
§((x-a) (x-b)) = (1/]a-b])[8(x-a)+d (x-b)] afb

This gives the result

% 1
T v = |r.|? [g] L ( L exp(-CA{1-[148/A2]%}%)
ab b | T &R\ aqes/at®
[11-83]

where

_ Z(E-Eab)
B = T®RX) = T®X) [1I-84]

2kT
It should be pointed out that
#8/a2) = (-q/8)*

and therefore no imaginary quantities will be generated in taking the
square root (see Equation [11-83]). Also, in the limit, Kb=Ka, the
expression for Iab(hv) given by equation [11-83] reduces to that derived
for linear coupling.

Iab(max) can be evaluated by differentiating equation [11-83].
This leads to the results

q = Lal1-(-[2/ca2])%} [11-85]



32

and

(X -K))
E =E, - —KbT—a— [Az—Az(l-—Z/CAZ)’/"’+C_1] [1I-86]

Equations [II-85] and [II-86] are identical with those derived by Jacobs

and Krishna Menon [66] by a different procedure. Then

T, W/ famnan BT (1 (uen /DRI [11-87]
- — expl-cA2{ [1-(1+B/A%)*]1%-[1-(14B /A 11-87
Iab(maX) (]_.g.B/Az)/2 .
where
2(E -E)
B
m (K, -K,)

The line shape is no longer accurately gaussian. Expansion of the
exponential argument gives a power series in (E—Eab) in which the lead
term is quadratic. Since Em is not equal to Eab’ the distribution about
Em will be asymmetric.

1f Il—(Ka/Kb)l is small compared to unity, then

q 2
° kT [1I-88]

R [1-(R, /&)1

24

Iy

and

R

(Kb-Ka) *
-—x kT

a

E E

0 b [11I-89]

so that Em is expected to be a linear function of kT*. This contrasts

with the constant value of Em (=Eab) predicted for linear coupling.
For the line shape given by equation [II-87] the calculation of

the full width at half-height is complicated. However, the second

moment, m2, which is closely related to szs’ is



m, = <E®> - <E>2

q2 kT +—22 (k™2 [II-90]

For the case of linear coupling, the line shape is symmetric gaussian

and
2

Hobs

8102 [II-91]

my; = KqékT* =

Even if the distribution about Em is asymmetric, the temperature
dependence of Hobs for the case of quadratic coupling will be given

by equation [II-78] to a good approximation.

5. Summary

Formally the absorption line shape can be calculated from

T = anE|Hglzle 2] gyl

|<wb|£lwa>lzAva§l<XbBlXaa>!2 G(IEbB-eaal-hv) [11-33]

within the limits of the Born-Oppenheimer and Condon approximations.
The emission line shape, Iba’ is of the same form as Iab with the sum
over & and the thermal average over B.

For a single mode, in the harmonic approximation, the line shape
can be derived in either the linear coupling (Kb=Ka) or the quadratic
coupling (Kb#Ka) case. For linear coupling the calculation can be done
quantum mechanically or semi-classically. For quadratic coupling, the

calculation is done semi-classically.

33
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(a) Quantum Line Shape - Linear Coupling
At low temperatures

> e_S SP 2
Iab(hv)=p§0 = S(Ie:bs-eaal-h\)) ,Eabl [1I-56]

which is approximately gaussian for large values of the coupling constant.
At high temperatures
-(E-E )*
Iab(h\)) = Iab (h\))max exp [m] [II-65]
which is accurately gaussian.
(b) Semi-classical Approximation — Linear Coupling

The line shape is given by

-(E-E )*?
Iab(h\)) = Iab (h\))max exp ‘@ [II-76]
where
KT" = Yfiu[coth(iw/2KT)] [1I-77]

The shape is accurately gaussian. Em is independent of temperature

and the temperature dependence of the half-width is given by

Hobs = H [coth (iw/2kT) ]7/2 [11-78]

(¢) Semi-classical Approximation - Quadratic Coupling

The line shape is given by

I (1+B /A2)1/2 1 1
L = 2 2011= 2y%12_rq_ 24212
N R expbCA® ([1~(1+8/4%) "] 2~ [1-(148_/A%)*]?)]

[1I-87]



where

The shape is asymmetric gaussian and Em depends on temperature.

(K.-K_)
E = E, - ﬁza— [AZ-A2(1—2/0A2)1/2+C-1] [II-86]
(R -K_)
z E, - —K—‘I;——a— kT* [1I-89]
a

The temperature dependence of the half-width is given to a good
approximation by

H,. = Ho[coth(‘ﬁm/ZkT)]/z [1I-78]
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CHAPTER III

GENERAL EXPERIMENTAL TECHNIQUES

1. Crystal Growth

1-1 Liquid Phase Extraction

The major residual impurities in reagent grade potassium bromide
(KBr), which could interfere with the experiments planned for KBr:Tl+
are heavy metal ions. An attempt was made therefore to increase the
purity of the starting material by extraction of an aqueous solution
with a solution of 8-hydroxyquinoline (oxine) in chloroform and
subsequent recrystallization of the purified KBr.

Two kilograms of KBr (Fisher Certified Reagent) were dissolved in
a minimum of conductivity water (~400 ml). The solution was extracted
using a 1% w/w solution of oxine in chloroform, once with a 200 ml
portion and three times with 100 ml portions. The KBr solution was
then washed with pure chloroform, twice with 200 ml portions and once
with a 100 ml portion. The solution was brought to boiling and
evaporated down until KBr was beginning to precipitate. The hot
solution was filtered through a large sinter and left to cool. The
purified KBr was recrystallized from conductivity water and dried in
an oven at 110 °C.
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1-2 Vacuum Purification

Before crystal growth, the potassium bromide obtained from the
extraction of reagent grade material with oxine was subjected to
further purification using the equipment shown in Figures [T1I-1, 111-2,
I11-3].

1-2a Purification Furnace

The purification furnace, PF, Figure [11I-1], was constructed
from a 22 in length of transite pipe 13.5 in 0.D., circular end plates
of % in thick transite sheet, and a core of silica tubing 22 in long,
2.9 in 0.D. surrounded by vermiculite. The furnace was mounted
vertically in an external frame of dexion. The silica tube was covered
with asbestos paper and wound in two halves with Chromel 'C' heating
tape (0.125 in X 0.126 in; 0.361 Q/ft) supplied by Hoskins Manufacturing
Co. The top two jnches were left bare. Each of the two 10 in halves
was split into two sections. The outer 5 in sections were wound at 3.5
turns per inch and the central 5 in sections were wound at 1.7 turns
per inch. The total resistance in each half of the furnace was 7/ ohms.
The two halves were connected in series and the current in each half
could be controlled independently with powerstats.

The furnace temperature was regulated to +] K by a temperature
controller obtained from the Thermovolt Imstrument Co. It employed a
Pt/Pt:13%Rh thermocouple as sensoOT and the photoelectrically activated
relay drove 2 normally closed mercury switch that was used to initiate

(and terminate) the heating cycle.
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FIGURE [III-1]

VACUUM LINE FOR CRYSTAL PURIFICATION
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1-2b Purification Apparatus

The filtration vessel is shown in Figure [III-2]. With the
exception of the stopcocks and cones at the top, the apparatus was
made from 'Spectrosil' silica. It comsisted of a main chamber of a
160 mm length of 33 mm I.D. tubing joined at the lower end to a 40 mm
length of 25 mm I.D. tubing and separated from it by a fine sintered
glass disc. A side arm of 6 mm I.D. tubing joined the main section
below the sinter and was held rigidly to it with silica bridges.

The silica crystal growing ampoule is shown in Figure [III-3].

It was 140 mm in overall length having a growing chamber ~76 mm long,

28 mm 0.D. with the bottom tapering at am angle of 35-45° to end in a
pip 12 mm long and 5 mm 0.D. The ampoule was attached to the filtration
vessel by a length of 8 mm I.D. tubing. Both the ampoule and filtration
vessel were made to specification by Jencons Scientific.

The glassware was thoroughly cleaned before use. The filtration
vessel was immersed in concentrated nitric acid for 20-30 minutes,
rinsed in deionized water, then triply distilled water, drained well
and left in an annealing oven overnight. The ampoule was cleaned with
a stock mixture of 10%Z HF, 40% HNO3, and 50Z H,0 by weight for 15 minutes,
rinsed with deionized water and left standing in deionized water over-
night. The following day, it was given a final rinsing with triply
distilled water, allowed to drain, and then blown onto the filtration
vessel. After the ampoule had been attached, the filtration apparatus
was rinsed with nitric acid, followed by deionized and triply distilled
water and drained. The apparatus was then positioned in the purification
furnace and dried under vacuum at 120 °C until the pressure in the

system was less tham 5 X 10”5 torr.



FIGURE [ITII-2]

FILTRATION VESSEL
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FIGURE [III-3]
CRYSTAL GROWING AMPOULE

The ampoule was made entirely from silica.
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1-2c¢ Vacuum System

The vacuum system, Figure [III-1], consisted of a Precision
rotary oil pump, (P), a mercury diffusion pump, (HD), protected on
each side by liquid nitrogen traps, (T), and a McLeod gauge, (MG).
The main part of the system contained a nitrogen gas inlet, M, a
furnace, (F), in which copper gauze was heated to 500 °C, a trap, (4),
fitted with a sinter for the admission of bromine, two dryiﬁg columns,
(DC), filled with a 3:1 mixture of anhydrous barium perchlorate and
anhydrous magnesium perchlorate packed at each end with glass wool,

a spiral gauge, (SG), with one side connected to a mercury manometer,
(M), the filtration apparatus positioned in the purification furnace,
a sulphuric acid trap, (B), followed by a water trap, (C). All taps
and joints in the main section were greased with Kel-F, a fluorinated
hydrocarbon supplied by Minnesota Mining and Manufacturing Co. The
taps and joints in the pumping section were greased with Apiezon M
grease since this section could be isolated from the main line.

1-2d Purification of the Melt

After cooling, the filtration apparatus was detached from the
line and filled with 50 g of powdered, oxine extracted, potassium
bromide using a long funnel to ensure that the salt entered the main
chamber above the sinter. After removing any salt adhering to the
stopcocks and wiping the outside with alcohol, the apparatus was sealed
to the vacuum line with picein. The salt was heated to 120 °C under
vacuum and left overnight. The temperature was raised in stages to
400 °C while maintaining a line pressure of 1075 torr or less. At 400 °C

the main line was isolated from the pumps and nitrogen which had been
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purified over hot copper and dried was admitted until the pressure in
the system was 1 atm. The nitrogen flow rate was reduced to 1-2 bubbles
per second through the sulphuric acid bubbler, (B). When the temperature
reached 550 °C, the nitrogen gas was forced down the narrow tube of the
filtration apparatus and up through the KBr powder by closing tap 9.

At 650 °C, HBr from a Matheson lecture bottle was admitted through one
of the drying columns. The temperature was then raised to 770 °C to
melt the KBr, (m.p. 730 °C), -and HBr was passed through the melt for

two hours at the rate of 1 bubble per second through the sulphuric

acid bubbler. The melt was then treated for 30 minutes with a N,/Br,
gas mixture obtained by bubbling nitrogen gas through liquid bromine

in trap A and passing the gas through a drying column. After the HBr,
N,/Br, gas treatment, the entire system was flushed with pure, dry
nitrogen until there was no trace of bromine colour left. The molten
salt was filtered into the crystal growing ampoule by creating a vacuum
on the ampoule side of the sinter and then cooled to room temperature
under an atmosphere of dry nitrogen.

1-3 Doping with T1Br

Two approaches were used for doping with T1Br. In the first,
0.03 mole % T1Br was added to the KBr before the purification of the
KBr melt. Since the boiling point of T1Br (m.p- 480 °c) is 815 °C,
the vapour pressure of thallous bromide is large at the temperature
at which the purification of KBr was carried out, 740-750 °C, and much
of the T1Br would be lost by evaporation. The appearance of a film
of yellowish powder in the cool portion of the filtration apparatus

supported this. In the second method, the T1Br was added after the
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purification of the KBr was completed and the melt had cooled to room
temperature, thereby eliminating the loss of T1Br which occurred in
method one. A minor disadvantage is that the T1Br was not subjected

to the treatment with HBr and Br,. In either method, the crystal
growing ampoule containing a mixture of nitrogen and hydrogen bromide
in the approximate ratio of 3:1 at a total pressure of ~0.3 atm was
sealed off at room temperature. This was calculated to give a pressure
of 1 atm at the growing temperature. Both methods gave satisfactory
results although the doping level was lower using the first method.

1-4 Crystal Growth

The crystals were grown using the Stockbarger technique. The
furnace, Figure [III-4], consisted of a core of silica tubing surrounded
by firebrick and mounted vertically in a box 20 in X 20 in X 22.5 in
made from 0.25 in thick transite sheet bolted to a steel frame. The
silica core consisted of two tubes; the one, (T1), 22 in long 2.90 in
0.D., was wound with heating tape and the other, (T2, 10 in long 2.33 in
0.D., was a sliding fit in the larger tube.

The top two inches of the furnace tube were left bare. The
remaining 20 in were divided into two 10 in sections each wound with
7 ohms of Hoskins Chromel 'A' tape (0.188 in X 0.113 in; 0.239 2/ft).
The total resistance of each half was split into two sections of ~2 ohms
and ~5 ohms resistance, Figure [III-5], and an external variable
resistance, (0-80 ), was connected in parallel with the 5 ohms furnace
resistance. The two halves of the furnace were connected in series
and the voltage supplied to each half was controlled by a powerstat.

The shorter inner tube supported a nickel baffle, (N). To permit
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FIGURE [III-4]

CRYSTAL GROWING FURNACE
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FIGURE [III-4]
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FIGURE [III-5]

POWER CIRCUIT

FOR

CRYSTAL GROWING FURNACE
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visual inspection of the furnace, the bottom of the tube was fitted
with a transparent silica disk, (D), drilled to accommodate the stainless
steel rod, (R), used to support the crystal growing ampoule holder, (H),
Figure [III-4]. The tubing and disk were held in place by a removable
piece of transite sheet, (S), containing a central hole.

Two firebrick plugs, (P), were made to fit the top of the furnace.
One was drilled out to allow for insertion of a thermocouple and the
other was solid for use when the thermocouple was not in place.
Temperature control was provided by a thermocouple sensor and Thermovolt
controller as for the purification furnace.

The crystal growing ampoule was cemented vertically in a nickel
holder tapered to fit the bottom of the ampoule and fitted with a
stainless steel shaft so that the entire assembly could be lowered by
means of am electrical motor. The ampoule was positioned centrally
in the furnace with the bottom of the holder 3 cm above the baffle.

By careful adjustment of voltages and resistances, a temperature
gradient of 30 degrees per centimeter across the baffle was maintained.
The temperature profile of the furnace was such that the melting point
of pure KBr occurred just above the baffle. The crystal was lowered
at a rate of ~4 mm per hour until the top of the crystal growing
ampoule was just below the baffle. When growth was complete, the
furnace temperature was lowered to 200 °C and the crystal allowed to
cool slowly. Finally, the furnace was switched off and the ampoule
removed when room temperature had been attained. A visual inspection
of the ampoule showed a tramnsparent, apparently single crystal, free

from the sides of the ampoule, ~1.5 in long with a slight conical
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depression at the top. Samples for optical measurements were cleaved

from the central portion of the crystal.

2. Cryostats

In order that optical measurements could be made at different
temperatures, two variable temperature cryostats of commercial design
were used: a 'Select-A-Stat' research dewar manufactured by Sulfrian
Cryogenics; and a 'Versa-Stat' dewar made by Cryogenics Associates
Limited.

Both cryostats were similar in their basic design and comsisted,
Figure [III-61[67]of an upper canister, (N), used as a liquid nitrogen
jacket, and a lower reservoir, (H), for liquid nitrogen or liquid helium.
These were suspended in a jacket which could be evacuated and which was
equipped with electrical ports, (E), for instrumentation, liquid feed
throughs and vents, (¥), and pressure relief valves. A demountable
tailpiece provided access to the controlled temperature block, (B).

Cooling was achieved by using a heat exchanger. Liquid refrigerant
siphoned from the bottom of the lower reservoir through 0.125 in 0.D.
thin walled tubing and evaporated. The cold gas passed through a coil
wrapped around the block and was vented out the top of the cryostat
through a micrometer needle valve, (M), which regulated the flow of gas.

A copper crystal holder, Figure [III-7], was fitted to the bottom
of the controlled temperature block. A piece of 0.005 in thick pure
indium foil was squeezed between the block and holder to ensure good
thermal contact. Crystal samples were cleaved with a razor blade to a
size approximately 6 mm X 10 mm X a thickness which depended upon the

concentration of impurity. The crystal was mounted in the holder in



FIGURE [III-6]

VARIABLE TEMPERATURE CRYOSTAT
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FIGURE [III-7]
CRYSTAL HOLDER

The crystal holder was made from pure copper.
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the following manner. To enhance thermal contact, a piece of indium
foil was pressed against the fixed plate of the holder and the crystal
was placed against the foil. The second plate was attached using four
screws tightened so that the crystal was mechanically secure without
introducing unnecessary strain. Two radiation shields surrounded the
crystal holder. The cryostat tailpiece was made with four windows
spaced at ninety degrees, so that both absorption and emission measure-
ments could be‘done without changing the crystal.

Temperature control was obtained by balancing the cooling available
from liquid feed against continuous heat from a heater wound on the
controlled temperature block. A regulated voltage was supplied by a
powerstat and the current was measured with a milliameter. The temperature
was monitored with a gold/0.03 atomic % iron vs. chromel thermocouple
attached to the top of the crystal holder. The voltage across the
thermocouple was measured using a potentiometer (H. Tinsley and Co. Ltd.).
The null point was detected by a galvanometer (Guidline Instruments Ltd.)
with a sensitivity of 500 mm/UA, nominal resistance 550 ohms. The
voltages were converted to temperatures using the data given by Berman
and Brock[68].The thermocouple was calibrated at three temperatures;
the melting point of ice, the sublimation point of dry ice and the

boiling point of liquid nitrogen, to determine any correction factor.
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3. YVacuum Line

The vacuum line used for pumping out the cryostats is shown in
Figure [III-8]. With the exception of the flexible metal coupling, (C),
the system was made of glass and was capable of attaining a pressure of
~10~% torr. A Precision rotary oil pump, (P), served as backing pump
for the mercury diffusion pump, (HD), which was protected on either
side by liquid nitrogen traps, (T; and T;). The pressure was measured
with a McLeod gauge, (MG). Connection to the cryostat was made via an
Edwards High Vacuum flexible coupling, (C), and a glass ball joint, (BJ).
This arrangement allowed the vacuum to be broken readily at the ball

joint without the necessity of opening the entire vacuum system to air.

4. Temperature Control

4-1 Measurements above 77 K

The following procedure was used to make measurements between
liquid nitrogen temperature and room temperature.

After mounting the sample in the crystal holder, the cryostat was
reassembled, placed in either the absorption or emission sample compart-
ment, and attached to the vacuum line. The external comnections for
the heater and thermocouple were made and the system was evacuated to
a pressure of the order of 107% torr. A room temperature spectrum was
recorded. The liquid nitrogen shield reservoir was then filled with
liquid nitrogen and at the same time the heat exchanger was flushed with
dry nitrogen gas to ensure that the system would remain ice free. The
inner container was then filled with liquid nitrogen. The liquid
nitrogen filling port was closed off and the micrometer regulated vent

opened to force liquid nitrogen through the heat exchanger.



FIGURE [III-8]

VACUUM LINE FOR CRYOSTAT EVACUATION
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The temperature was monitored until the minimum temperature was
reached. This was 5-6 K above the boiling point of liquid nitrogen
because of thermal radiation from the surroundings. After the block
temperature stabilized, the liquid nitrogen reservoirs were topped up,
all valves were closed and the system was left overnight.

The next day, the reservoirs were again topped up with liquid
nitrogen and the block recooled to the minimum temperature attainable,
by opening the micrometer valve, (M), Figure [III-9], fully.

A spectrum at this temperature could now be recorded. In order to
obtain spectra at additional temperatures, the temperature was raised
by reducing the flow of gas through the heat exchanger and by passing
a constant AC current through the heater. By carefully balancing these
two variables, the thermocouple voltage could be maintained to within
15 WV of a desired voltage which corresponded to a temperature variation
of *0.6 K. The series of spectra were taken in continuous sequence from
83 K to room temperature.

If a liquid helium run was to be done immediately, the block was
recooled with liquid nitrogen. Otherwise, the cryostat was allowed to

warm up on its own.

4-2 Measurements below 77 K

In order to achieve temperatures below 77 K a more complicated
procedure was required.

After the cryostat was thoroughly precooled with liquid nitrogen,
any liquid nitrogen which remained in the inmer reservoir was pumped
away. The heat exchanger and liquid helium chamber were purged with

dry helium gas. Care was taken to avoid warming the controlled



FIGURE [III-9]

LIQUID HELIUM TRANSFER
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temperature block too much since the amount of liquid helium required
for cooling increased rapidly with increasing initial temperature of
the block.

The liquid helium transfer tube, (T), consisted of a continuous
thin-walled stainless steel tube 0.125 in in diameter sealed inside a
U-shaped casing 0.375 in 0.D., Figure [III-9]. The outer tubing of the
cross piece was made of crimped stainless steel to give some flexibility
to the system. The space between the tubes was evacuated. Before use,
the transfer tube was flushed with dry helium gas.

The transfer tube was eased gently into both the storage dewar and
the inner reservoir of the cryostat. The position of the storage dewar
was altered to relieve any strain. While the transfer tube was lowered,
the storage dewar was raised to keep the cross piece of the transfer
tube horizontal. The transfer tube was lowered until its ends were
~1 cm from the bottom of each reservoir.

The cryostat was isolated from the vacuum line before the actual
transfer was begun.

With the micrometer valve M (Figure [III-9]) on the cryostat closed,
and valve V partially opened, the pressure in the storage dewar was
raised with helium gas from a cylinder by 2.0~2.5 PSIG as indicated by
gauge, G2. Under these conditions, the gauge, Gl, on the cryostat vent
will register 1.5-2.0 PSIG. For effective transfer a pressure difference
of 5-8 oz across the system was maintained. B

Fifteen minutes were allowed for cooling the reservoir itself before
diverting part of the flow of cold gas through the heat exchanger by

reducing the flow through V and opening M fully. The crystal holder
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cooled slowly at first and then very rapidly reaching a minimum
temperature of 15 K after approximately ten minutes.

In the range 15-49 K, the temperature of the crystal holder was
controlled accurately by regulating the rate of flow of cold gas
through the heat exchanger with the needle valve, M. In order to
maintain the low temperatures it was necessary to transfer slowly so
that there was no significant accumulation of liquid helium in the
cryostat. If too much liquid helium was present, the rate of flow of
cold gaé could not be maintained and the temperature rose.

In order to stabilize at temperatures above 50 K, an accumulation
of 300-400 ml of liquid helium in the cryostat was desirable. 1In this
situation, the temperatures could be achieved readily by supplying a
small quantity of heat until the desired temperature was reached. The
heater could then be shut off and the temperature maintained by adjusting
the micrometer valve. In the absence of liquid helium in the cryostat
reservoir in this temperature region, a temperature variation of 1-2 K
occurred during the time required to record a complete spectrum.

Measurements were taken at temperature intervals to 86 K providing
an overlap region with results using liquid nitrogen. On completion of
the run, the transfer tube was removed and the cryostat left to warm

to room temperature.

5. Measurement of Optical Absorption

The instrument used for the measurement of optical absorption was
a Cary Spectrophotometer, Model 14R, (Cary Instruments Ltd.) which is
basically designed for the automatic recording of absorption spectra in

the ultraviolet, visible and infrared regions. A schematic of the



58

optical system is shown in Figure [III-10]{69].The sﬁectrophotometer
employs a double monochromator consisting of a 30° fused silica prism,
(P), in series with an echelette grating, (G), each with its own
collimating mirrors, (C), and slit system, (S). Interchangeable light
sources for the instrument are a deuterium lamp, (D), a high intensity
tungsten lamp, (T,), for the visible region and a tungsten lamp, (T,),
for the near infrared region. Three detectors are provided; a RCA 1P28
photomultiplier, (A), for the ultraviolet and visible regions, a lead
sulphide cell, (B;), for infrared, and a special filter and lead sulphide
cell, (B,), also for infrared measurements.

The sample compartment was modified to accommodate the cryostats.
The normal sample compartment cover was replaced by a plate having a
light-tight collar which supported the cryostat vertically and which
could be moved horizontally in one direction. The collar was designed
so that the crystal was positioned centrally with respect to the height
of the light beam and in the middle of the light path through the
compartment. The entire cryostat could be moved across the light beam
so that the absorbance in a transparent region of the sample could be
minimized. A stop fitted with a micrometer head enabled precise
relocation of the cryostat.

For absorption measurements the instrument was used in double beam
mode and the response of the spectrophotometer was adjusted via the
multipots to zero absorbance when both the sample and reference
compartments were empty. Since the region of interest was the ultra-
violet, the optical system was flushed with dry nitrogen gas to minimize

interference from absorption by oxygen.



FIGURE [III-10]

OPTICAL SYSTEM
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CARY SPECTROPHOTOMETER

See text for explanation of symbols.
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A warm up time of at least 30 minutes was allowed for the electronic
components to stabilize. The voltage on the photomultiplier, the slit
control setting and the scan speed were chosen for optimum signal to
noise ratio within the restriction that the spectral band width passed
by the spectrophotometer was narrow compared to the natural band width
of the absorption band. This ensured that the recorded peak height
was greater than 99.5 % of the true value [701].

All measurements were made on samples in an evacuated cryostat.

The experimental results were recorded on the strip chart recorder as

the wavelength region was scanned continuously.

6. Emission Measurements

An experimental luminescence system consists basically of a high
intensity source from which a nearly monochromatic beam of radiation of
suitable wavelength is selected. The exciting radiation is then focused
on to the sample and the emission is observed at right angles to the
excitation to avoid interferemce from it [71.

The available fluorescence accessory for the Cary was inadequate
for the type of measurements to be made since the sample could not be
cooled and the excitation wavelength in the ultraviolet was restricted
to the two strong lines of a mercury arc.

An optical system for luminescence measurements was designed which
would; (i) provide an independent and flexible means of exciting the
sample

(ii) use the Cary spectrophotometer for analyzing the emitted light

(1ii) cause minimum interference with the normal absorption

operation of the instrument.
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6-1 Excitation System

Since the wavelength region beyond 1.5 p was not relevant to the
work, the infrared detector, (B,) Figure [III-10], situated at the back
of the spectrophotometer was removed. This provided optical access to
the entrance élit, (S;), of the double monochromator.

The optical components were chosen for minimum loss of light
intensity and maximum light gathering power. A properly evaporateé
aluminum film will give ~90% of the incident intensity on reflection,
whereas a silica lens will provide only 50-60% transmission depending
on its thickness [72].

In order to obtain the maximum efficiency in the light gathering
power of the Cary, it was necessary to just fill the first collimating
mirror, (C,) Figure [III-11]. This was achieved by making the aperture
ratio of the component which focuses the light emitted from the sample
onto the slit the same as that of the mirror G, i.e. £/8. A3 in
diameter front surface aluminized concave spherical mirror, (M), (John
Unertil Optical Co.) with focal length of 10 in and effective diameter
2.5 in was chosen, Figure [III-11]. The mirror was placed 20 in from
both the sample crystal and the entrance slit so that; (i) the image of
the crystal on the entrance slit would not be magnified and (ii) the
optics at the slit would be f/8.

A housing for this system was built from 3/4 in plywood and was
equipped with a slide which would isolate it optically from the Cary.
The inside of the compartment was painted a matt black to minimize
light scattering. The optical components were mounted on a base plate

of 1/2 in aluminum which had been sand blasted. Mounts for the mirrors
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were made from meccano parts and precision graduated mechanical
microscope stages (Edmund Scientific Co.) to obtain facility for
rotation, and X and Y movement necessary for critical focusing.

The sample itself was mounted in a variable temperature cryostat
which in turn was supported vertically by a collar on plates which
could be moved horizontally at right angles to each other. Mechanical
stops fitted with micrometer heads enabled precise location of the
cryostat.

A 200 watt mercury arc lamp, power supply and lamp housing, (H),
Model M-701, was purchased from P.E.K. Labs Inc. The housing was
equipped with an adjustable concave mirror for reflecting forward the
light emitted backwards by the arc. The front opening was supplied
with an iris diaphragm for use as a field stop. A silica lens of
aperture ratio, £/3.5, (Thermal Syndicate Ltd.) was added between the
arc lamp and the diaphragm to focus the source on to the entrance slit
of a Jarrell-Ash quarter-meter grating monochromator, (JA), (Jarrell-
Ash Co. Ltd.), Figure [III-11], which was used to select a suitable
wavelength for excitation.

In addition to the P.E.K. 200 W Hg arc, a General Electric HAS
(100 W) Hg arc, and Osram Cadmium and Zinc 18 W lamps were acquired.
An accurate wavelength calibration of both the Jarrell-Ash monochromator
and Cary spectrophotometer was done using the G.E. HA4 Hg lamp and
literature values for the wavelengths of the strong lines of a mercury
arc [731.

Test measurements on a crystal of thallium doped potassium chloride[74]

showed that the method of excitation was satisfactory, but that the
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standard detector in the Cary spectrophotometer was inadequate for
obtaining spectral traces accurate enough for mathematical analysis.

6-2 Modification of the Detection System

Because of the very low level of intensity of the emitted light,
the standard RCA 1P28 photomultiplier had to be operated at maximum
sensitivity in order to obtain a spectral trace. Under these conditioms,
the noise level in the detector was high and the signal to noise ratio
was very unfavorable. A variable pen period control was obtained [75].
This accessory provided pen periods of 5, 10 and 20 seconds in addition
to the standard pen period of 1 second. The signal to noise ratio could
be increased by a factor equal to the square root of the increase in pen
period[76].This modification gave some improvement but useful spectral
data still could not be obtained. The entire Cary detector unit was
then removed and a new system was designed, (PT) Figure [ITI-11].

The Cary signal recording system was modified to accept the output
of an EMI 62555 thirteen stage photomultiplier whose anode to cathode
voltage could be varied continuously from O volts to the specified limit
of 1780 volts by a Harrison high stability D.C. power supply, Model 6110A.
The photomultiplier was mounted in a refrigerator chamber purchased from
Products for Research Inc. The dynode resistance chain was designed to
give simple linear gain.

For the particular peak under investigation, spectral traces with
good signal to noise ratios could now be obtained by adjusting the pen

period and overall photomultiplier voltage.
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6-3 Initial Focusing

Concave mirror, (CM), and plane mirror, (PM) , Figure [III-11],
were placed as closely as possible to their calculated positions. A
ground glass screen took the place of the crystal sample. With the Cary
monochromator set for 540 nm, and using the tungstem source, (T2) Figure
[III-10], the positions of the mirrors were refined until a non-
magnified sharp image of the slit S; was formed on the screen. The
image of the slit at M was checked to ensure that it was not larger
than the aperture of the mirror. To ensure that the light was not
tilted out of horizontal, it was necessary that the mirrors be perpendi-
cular to the centre of the beam.

6-4 Calibration of the Optical System

6-4a Theory [77]

An emission spectrum is in general a plot of luminescence intensity,
measured in quanta per unit frequency interval, vs. frequency. If Q
is the total number of quanta emitted per unit time in all frequencies,
then dQ/dv is a measure of the intensity at frequency V. The true
emission spectrum is obtained by plotting dQ/dv against V.

1f the fluorescence of a sample is measured using a photomultiplier
at constant sensitivity and a monochromator scanned at constant slit
width, then the curve obtained is an appareat emission spectrum. In
order to obtain a true spectrum, the experimental curve must be corrected
for three frequency-dependent effects: (1) the change in the quantum
efficiency of the photomultiplier; (2) the change in the band width of
the monochromator arising from the frequency dependence of the linear

dispersion; and (3) the transmission of the monochromator.
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Thus, &y = (dQ/dv) (PyByLy) = (dQ/dv)(Sy) [III-1]
vwhere &,, is the observed pﬁotomultiplier output

Py is the relative quantum efficiency of the photomultiplier

By is the relative band width at constant slit width

Ly is the fraction of light transmitted by the monochromator.
(dQ/dv) is the true emission spectrum and can be calculated from the
observed spectrum by dividing the measured intensity at each point by
the corresponding value of Sy. Sy is the spectral semsitivity factor
for the optical system and is proportional to the output obtained if a
source of constant spectral intensity is used to illuminate the entrance
slit.

If a source of known spectral distribution is used to fill the
collimator with light, and the photomultiplier respomse Rg7 is measured
as a function of frequency, then

Sy = R /(dQ/av) [1II-2]

where (dQ/dv)sl is the known spectral distribution of the standard source.

Calibration data for standard lamps are generally given in energy
units per unit wavelength interval. To convert from energy to quanta it
is necessary to multiply by the wavelength, A, and to convert from unit
wavelength interval to unit frequency interval it is necessary to multiply
by A%. Thus

< )3
(dQ/av) ; = A°(dE/A) 4
and Sy = Rsll[l3(dE/dl)sl] [1II-3]

Because the terms of the above equation are in relative units only, it

is appropriate to normalize S, at some convenient wavelength.
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6-4b Method

A National Bureau of Standards 1000-watt Quartz Iodide Lamp [78]
calibrated in the wavelength region 250-750 nm was used as the standard
of spectral irradiance for the determination of the spectral sensitivity
factor, Sv, of the system.

The analyzing system for the recording of emission spectra was set
up in the same configuration as when the original spectra were obtained,
Figure [III-12]. A front surfaced aluminized plane mirror, (M), was
placed at a 45° angle in the position normally occupied by the crystal.
It should be noted that the optical arrangement is such that light
originating at this mirror is focused on the slit of the monochromator.
A rectangular stop, (A), 6 mm x 20 mm, was placed at the opening to the
compartment in order to reduce the amount of reflected light entering
the optical system without violating the condition that the entrance
slit, (S;), of the spectrophotometer be filled completely with radiant
flux from the standard lamp. The lamp, (S,), was mounted according to
the instructions provided, [79], and positioned at a distance of 50 cm
from the centre of the image of the entrance slit on the plane mirror,
(M). The circuit,Figure [I1I-13], used to provide the stable 8.30 amp
A.C. current required for lamp operation was similar to *that described
in Stair et al [78]. T, and T, are 20 A variable auto transformers and
T; is a 20 A, 12.6 V centre tap filament transformer.

The output of the photomultiplier was recorded as a function of
wavelength in the region 250-450 nm for different values of photomultiplier
voltage. In addition, a Corning 7-54 filter, (F) Figure [I11-12], whose

transmission characteristics had been measured was placed between the



FIGURE [ITI-12]

EXPERTMENTAL ARRANGEMENT

FOR

DETERMINATION OF SPECTRAL SENSITIVITY

M - front surface aluminized mirror
A - aperture stop

S - standard lamp

¥ - filter (Corning #7-54)

S; - entrance slit of spectrophotometer
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FIGURE [II1-12]




FIGURE [III-13]

POWER CIRCUIT
FOR

STANDARD LAMP

S - standard lamp
T - transformer

A - ammeter
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aperture stop and the mirror. The photomultiplier response was measured
again. It was found that the use of the filter to eliminate wavelengths
longer than 450 nm reduced the stray light level considerably and gave
more reliable and reproducible results.

The results are summarized in Table [T1I-1]. Sy values normalized

to 1.000 at 320 nm are plotted in Figure [I1I-14].

6-5 Experimental Procedure

Before an experiment was started, it was necessary to align the
crystal properly. With the excitation source focused on the entrance
slit, the Jarrell-Ash monochromator was set for ~540 nm. The cryostat
could then be moved across the beam until the maximum amount of light
passed through the side of the crystal. Then, with the Cary monochromator
set at ~540 nm, an image of the slit, (S,) TFigure [I11-11], was formed
using a high intensity tungsten lamp at (L)- The cryostat could then
be moved so as to centre the image on the face of the crystal.

The Jarrell-Ash monochromator was reset to an appropriate excitation
wavelength and the wavelength of maximum luminescence intensity was found.
With the analyzing monochromator set at this wavelength, the crystal
position was readjusted slightly to obtain the maximum signal possible.
Results were recorded on the strip chart recorder while the wavelength
region of interest was scanned continuously.

In general, best results were obtained with a voltage of 1000 V on
the EML photomultiplier and a pen period of 10 seconds. If the signal
was particularly weak, the voltage on the photomnltiplier could be

increased at the expense of good signal to noise ratio.
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FIGURE [III-14]

CALIBRATION CURVE

Plot of spectral sensitivity factor against energy.

on the Y-axis indicates relative magnitude only.

The scale
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CHAPTER IV

EXPERTMENTAL MEASUREMENTS AND DATA PROCESSING

1. Experimental Measurements

1-1 Crystal Samples

A crystal of oxine-extracted potassium bromide doped with thallous
bromide, T1Br (Alpha Inorganics Inc.), was prepared according to method
one described in Chapter III with a doping level of 0.03 mole % T1t in
the melt. Because of losses during purification, the actual concentration
of T1* in the crystal was considerably less.

A second crystal was grown using ultrapure KBr, ('Suprapur' -

E. Merck Ag. Darmstat Germany), with a guaranteed assay of 99.997%
purity. This crystal was doped with T1Br according to method two
described previously and again a nominal T1t concentration of 0.03 mole
% in the melt was used. Essentially no T1Br was lost during preparation,
and the actual impurity ion concentration could be assumed to be
approximately the same as that in the melt.

Experimental measurements were made on the first crystal because
the concentration of impurity was satisfactory for a study of the
optical properties of the A-band. The impurity ion concentration in
the second crystal was far too high and it was impossible to cleave the

crystal thin enough so that the maximum optical density of the A-band
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could be measured accurately. The actual piece of crystal used was
8x 6 mm x 4.21 mm thick and its properties were such that both

absorption and emission measurements could be made on the same sample.

1-2 Temperature Selection

Temperatures at which measurements were made were chosen to be
' 1
spaced at approximately equal intervals on plots against T2, A summary
of the temperatures used is given for absorption in Table [IV-1] and

for emission in Table [IV-2].

1-3 Absorption Measurements

With the sample in place, the position of the cryostat was adjusted
until the absorption in the transparent region (~3000 3) of the crystal
was a minimum. Measurements were then obtained using a logarithmically
wound slidewire on the recorder so that the optical density would be
displayed linearly on the chart. Using this slidewire and the automatic
scale change facility on the recorder, optical demsities in the ranges
0-1 and 1-2 could be measured accurately. The range could be extended
by the use of a neutral density filter. This is simply a pure nickel
screen with conical sharp-edged holes which reduces the intensity of the
reference beam in a wavelength independent manner [80]. The maximum
optical density which could be measured with a good degree of accuracy
was approximately 2.5. This upper limit was caused by limitations in
the spectrophotometer due to residual stray light [81].

The wavelength region was scanned continuously from short to long

wavelength at a rate of either 2.5 A sec™} or 0.5 A sec™!.



TEMPERATURES OF ABSORPTION MEASUREMENTS, KBr:Tl+

TABLE [IV-1]

Run No. T/K T%/Kz Run No. T/K T%/KZ
29 296.0 17.21 44 144.5 12.02
30 83.0 9.11 45 187.0 13.68
31 90.2 9.50 46 224.5 14.98
32 95.0 9.75 47 255.5 15.98
33 97.2 9.86
34 105.0 10.25 101 15.0 3.87
35 133.2 11.54 102 20.2 4.49
36 170.3 13.05 103 25.0 5.00
37 209.2 14.46 104 31.5 5.61

105 35.5 5.96
40 296.0 17.21 106 44.2 6.65
41 82.0 9.06 107 49.3 7.02
42 83.0 9.11 108 57.0 7.55
43 104.5 10.23
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TABLE [IV-2]

TEMPERATURES OF EMISSION MEASUREMENTS, KBr:T1+

Run No. T/K TZ/KZ Run No. T/K T1/"’/K1/2
1 296.0 17.21 130 84.0 9.17
2 83.0 9.11 131 84.0 9.17
3 92.0 9.59 132 15.5 3.94
4 83.0 9.11 133 19.3 4.39
5 88.2 9.39 134 24.8 4.98
6 93.0 9.65 135 31.4 5.60
7 98.2 9.91 136 31.0 5.57
8 107.2 10.35 136 25.0 5.00
9 113.4 10.65 137 28.5 5.39

10 133.8 11.57 138 42.5 6.52
11 170.2 13.05 139 49.5 7.04
12 170.2 13.05 140 49.0 7.00
13 209.0 14.46 141 57.0 7.55
14 252.2 15.88 142 64.1 8.01
15 296.0 17.21 143 73.0 8.54

144 77.8 8.82

145 87.3 9.34
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The chart speed was such that 100 A was displayed over 2% in at the
faster scan speed and 135 in for the slower one. A wavelength mark was
made automatically every 100 2. For accurate reading over narrow bands,

the slow scan speed was used.

1-4 Emission Measurements

The crystal was positioned for emission measurements as described in
Chapter III, section 6-5. Several excitation sources were tried and a
General Electric HA4 100 W mercury arc lamp with the glass envelope
removed was found to be most suitable. The 2537 A line was selected with
a Jarrell-Ash quarter-meter monochromator equipped with 2 mm entrance
and exit slits. This allowed a band pass of ~60 R but since no other
strong lines occur within #30 A of the 2537 A line this resolution was
sufficient to isolate the line of interest and at the same time provided
maximum intensity in the exciting light. The voltage on the photo-
multiplier was set so that the maximum pen deflection was approximately
607 full scale at room temperature. This corresponded to a voltage of
1000 V. A linearly wound slidewire was used which in normal double beam
operation would measure 0-1007 transmittance. However, since only total
emission intensity could be measured in the experiment, the slidewire
acted as a linear voltage divider.

The wavelength region was scanned continuously from short to long
wavelength at a rate of 2.5 A sec’!. The chart speed was the same as
that used for absorption. Again a wavelength mark was recorded every
100 Z The pen period was increased to 10 sec from 1 sec to reduce the
response of the pen to noise. The slit on the Cary spectrophotometer was

fixed at either 3 mm or 2.4 mm.
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As the temperature was decreased, the emission intensity increased
beyond the recording capabilities of the chart. 1In this situation, the
slit width was reduced to 2.4 mm. With the photomultiplier voltage
unaltered, the emission was measured at a convenient temperature using
both slit widths so that a proper scaling factor could be obtained. The
measured emission spectra were corrected for the spectral sensitivity

of the detection system in the wavelength region 2900-4000 3.

2. Chart Reading

2-1 General

Twelve inch chart paper was used for all experiments. It was ruled
over eleven inches of the width every 0.1 in with major lines every inch.
The labelled scale covered the range -0.05 to 1.05 so that optical density
or transmittance could be read directly. The chart paper was ruled every
1in along its length.

When a chart was read, wavelength values were first marked at equal
intervals starting at a 100 2 mark. The optical density/transmittance
values wefe read to three decimal places either manually or using an
analog to digital converter (Gerber Digital Data Reduction System Model
GDDRS-3B-1, Gerber Scientific Instrument Company). These methods were
found to give equivalent results. The manual method required subsequent
keypunching of the data onto computer cards for processing. The analog
to digital converter produced punched cards directly but required the
addition of a code to take into account such things as scale changes and

missing points.
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2-2 Absorption

Experimental points were read every fz in corresponding to a wave-
length interval of 3.125 A at a scan speed of 2.5 A sec™!. If the
slower scan speed was used, readings were taken every 13 in so that the
wavelength interval was unchanged. This gave approximately seventy-five
points across the band.

In regions where a neutral density filter was required, the over-
lapping data was matched so that a complete spectrum was obtained.
Neutral density filters with optical densities of 0.576 and 1.162 were
used. Precautions were taken to ensure that the maximum optical density

measurable by the machine (discussed previously) was not exceeded.

2-3 Emission

Experimental points were read every % in corresponding to a wave-
length interval of 6.25 Adata scanning speed of 2.5 A sec™!. This
gave approximately three hundred points across the band. In all cases
the entire emission band was presented on the width of the chart paper
so that none of the complications associated with scale change and

neutral density filters were present.

3. Computer Processing

3-1 Preliminary Data Treatment

Raw experimental values were subjected to preliminary treatment
before a least squares analysis was attempted.

In absorption, the background absorbance due to pure KBr was
subtracted by means of a point by point calculation using the equation
to a straight line to approximate the background absorption in the

region of the A-band. The effect of this correction is shown in
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Figure [IV-1] for the absorption at 296.0 K. The corrected optical
density values were divided by the corresponding energy in electron
volts [82] to give data proportional to the line shape, I. The effect
on the absorption band shape resulting from this operation is illustrated

in Figure [IV-2] where

0D (OD/E)

b= ©D, ~  (0D/E),
m m

and lm is the wavelength corresponding to the maximum optical demsity.
In emission, there was essentially no background correction since
the background corresponded to no light on the detector. The emission
data were divided by the cube of their energies [82]. The effect of
this division is shown in Figure [IV-3].
The corrected experimental data were punched in a form compatible

with the input requirements of the least squares programs.

3-2 Spectral Sensitivity Correction for Emission Data

The measured emission spectra were corrected for variation in the
spectral response of the optical system in the wavelength region 2900 3
to 4000 A. The spectral sensitivity values obtained from calibration
with a standard lamp, Table [III-1], were fitted to a smooth curve
using a cubic spline [83]. This fit is achieved by connecting each
pair of adjacent points with a section of a thifd degree polynomial
matching up each section so that the first and second derivatives are
continuous at each point. A correction factor for each experimental
point was calculated by interpolation. The corrected emission spectra
were obtained by dividing the measured values by the appropriate factor
(see Equation [III-1]). The effect of this correction is shown in

Figure [IV-3].
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FIGURE [IV-1]

A-BAND ABSORPTION KBr:T1®
RUN 29 - 296.0K
Q - raw experimental data

D - experimental data after subtraction of

background absorption due to pure KBr.
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FIGURE [IV-2]

A-BAND ABSORPTION KBr:T1T
RON 29 - 296.0 K

EFFECT OF DIVISION BY THE PHOTON ENERGY

ON THE ABSORPTION BAND SHAPE
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FIGURE [IV-3]
+
EMISSION KBr:Tl

A-BAND EXCITATION

RON 2 - 83.0K

- raw experimental data
- experimental data after division by E?
- experimental data after division by E3

and corrected for spectral semsitivity
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3-3 Least Squares Analysis — MROCOS

A computer program, MROCOS (Mathematical Resolution Of Complex
Overlapping Spectra), was obtained from Biggers et al [84]. It was
specifically designed for resolving complex overlapping bands into
individual bands and for mathematically comparing the sum of the
individual bands with the experimental data. The individual bands
could be fitted to a symmetric gaussian curve [85]. Initial estimates
for parameters were required. These values were refined by a series
of iterations to adjust the parameters to minimize the sum of the
squares of deviationsbetween the experimental and calculated data.

Modifications were made to adapt the program for use on an IBM
7040 computer. In addition, the program was altered to resolve over-=
lapping bands in solids.

In absorption, the experimental line shape, I, defined by (see

Equation [II- 13)

2.303 X optical demsity
crystal thickness X E

g}
|

was the dependent variable and the energy in electron volts was the
jndependent variable.

In emission, the line shape was defined by (see Equation [11-16]

emitted intensity
spectral sensitivity X E’

T =

The emission line shape is a dimensionless quantity because absolute
intensities were not determined.

The program provided best fit values for the parameters, the
standard deviation for each parameter value, (op), and the standard

deviation of the fit, ().
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3-4 Least Squares Analysis - BMDX85

BMDX85 is a non-linear least squares program obtained from the
Health Sciences Computing Facility, UCLA [86]. It is a general program
designed to fit data containing several dependent and independent
variables to a functional form supplied by the user. The sum of the
squares of deviations is minimized to obtain the best values of the
parameters.

The program was used to resolve complex overlapping spectra for
which there was one dependent and one independent variable. Two
functional forms were used for this purpose.

One was a symmetric gaussian function described by the equation
= 2
I = I L exp[-an(Z[E—Em]/Hobs) ] [Tv-1]

where I is the observed intensity at energy E,
n is the number of individual gaussian bands,
and for each band, I_ is the maximum intensity at E_and H is the
m m obs
full width at %Im.

The second functional form was the log-normal distribution function

(asymmetric gaussian) [87]. It is described by the equation

n
I = IL exp[-1n2(ln[1+2b(E—Em)/AX,/Z]/b)Z] [Iv-2]

where 1, E, Im’ and Em are as defined before. b is the skew parameter
which takes into account the fact that the distributions on each side

of Em are not mirror images. AXZ is related to Hobs by

AX,/2 = Hy X b/sinh b

When b is zero, the log-normal distribution becomes identical with a

symmetric gaussian.
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3-4 Least Squares Analysis - BMDX85

BMDX85 is a non-linear least squares program obtained from the
Health Sciences Computing Facility, UCLA [86]. It is a general program
designed to fit data containing several dependent and independent
variables to a functional form supplied by the user. The sum of the
squares of deviations is minimized to obtain the best values of the
parameters.

The program was used to resolve complex overlapping spectra for
which there was one dependent and one independent variable. Two
functional forms were used for this purpose.

One was a symmetric gaussian function described by the equation
- 2
I = I Im exp[-an(Z[E—Em]/Hobs) ] [IV-1]

where I is the observed intemsity at energy E,
n is the number of individual gaussian bands,
and for each band, I_ is the maximum intensity at E and H is the
m m obs
full width at ’/zlm.
The second functional form was the log-normal distribution function

(asymmetric gaussian) [87]. It is described by the equation

n
I = DI exp[—an(ln[l-i-Zb(E—Em)/AX,/z 1/b) 21 [Iv-2] —

where I, E, Im, and Em are as defined before. b is the skew parameter
which takes into account the fact that the distributions on each side

of E are not mirror images. is re to H b
o ges AX,/2 lated to obs B

A%, = Hy X b/sizh b

When b is zero, the log-normal distribution becomes identical with a

symmetric gaussian.



In addition to the output information obtained in the MROCOS
program, an asymptotic covariance matrix of the parameters is given.

All experimental results were analysed using either of these
programs. For a symmetric gaussian, the two programs gave identical

results. Analysis as asymmetric gaussian bands was done using BMDX85.
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CHAPTER V

EXPERIMENTAL RESULTS

1. Introduction

Experimental measurements were made on a crystal of potassium
bromide doped with thallous bromide, KBr:Ti+.

After suitable corrections for background absorption and the
spectral sensitivity of the spectrophotometer, the experimental line
shapes were computer analyzed with pon-linear least squares programs

described previously.

2. Absorption
2-1 Introduction

The A-band absorption in KBr:TI+ ijs ascribed to the 180 - 3Pl spin
orbit allowed tramsition in the TI+ ion [6] and the maximum absorption
occurs ~2600 2 (4.77 eV). As the temperature decreases, the position
of the band maximum, Em, shifts to higher energy, the maximum of the
line shape, Im, increases, the full width at one-half Im, Hobs’ decreases
and the band itself appears to be more symmetric. These trends are
illustrated in Figure [v-1] where the 1ine shape, I, is plotted against
energy at four representative temperatures. At no temperature in the
range studied (296.0 K - 15.0 K) does the absorption band envelope give

any indication of having more than one component.
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The shape of the A-band was studied systematically. Models were
chosen to be both consistent with the applicable theory and at the same
time to characterize the shape in the fewest number of parameters.
Consequently, the data were fitted using the following functions:

1. one symmetric gaussian curve (3 parameters)s;
2. one asymmetric gaussian curve (4 parameters);
3. sum of two symmetric gaussian curves (6 parameters);
4, sum of two asymmetric gaussian curves (8 parameters);

5. sum of three symmetric gaussian curves (9 parameters).

2-2 One Symmetric Gaussian Band

A symmetric gaussian band is characterized by its maximum intensity,
(I,), the position of this maximum, (Em), and the full width of the band
at one-half maximum intemsity, (Hobs)’ (see Equation [IV-1]).

Parameter estimates for the least squares analysis were chosen
from the charts. Best fit values for the parameters are summarized in
Table [V-1]. The mean deviation in Ej was 0.001 eV (~0.02%), in I was

0.02 cm ! eV ! (~2%), and in H

obs W3S 0.001 eV (~1%).

Experimental data at 296.0 K, 83.0 K, and 15.0 K fitted as one
symmetric gaussian band are shown in Figures [V-2,V-4,V-6]. The
experimental values are plotted as points and the calculated best fit
gaussian curve is plotted as a solid line. In addition, the error
plots for each of the above data are given in Figures [V-3,V-5,V-7]
respectively.

The temperature variation of the parameters (Hobs’Em’ and Inp is

shown in Figures [V-8,V-9,V-10].



TABLE [V-1]

A-BAND ABSORPTION KBr:Tl+ - ONE SYMMETRIC GAUSSIAN BAND

Run No. T/K Ep/eV Im/cm"1 ev! B [eV
29 296.0 4.744 0.93 0.164
30 83.0 4.789 1.92 0.083
31 90.2 4.787 1.82 0.088
32 95.0 4.785 1.75 0.090
33 97.2 4.785 1.75 0.092
34 105.0 4.783 1.66 0.095
35 133.2 4.777 1.48 0.108
36 170.3 4.769 1.28 0.123
37 209.3 4.761 1.14 0.136
40 296.0 4.743 0.93 0.162
41 82.0 4.789 1.94 0.082
42 83.0 4.788 1.93 0.083
43 104.5 4.785 1.72 0.093
44 144.5 4.776 1.47 0.109
45 187.0 4.768 1.26 0.125
46 244.5 4.759 1.13 0.140
47 255.5 4.753 1.04 0.149
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Run No. T/K Em/ ev Im/ em™? ev? Hobs/ eV
101 15.0 4.799 2.54 0.061
102 20.2 4.799 2.53 0.061
103 25.0 4.799 2.50 0.061
104 31.5 4.798 2.52 0.063
105 35.5 4.797 2.46 0.063
106 44.2 4.796 2.36 0.065
107 49.3 4.795 2.32 0.068
108 57.0 4.793 2.16 0.071
o} 0.001 0.02 0.001
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. % R
(a) Hobs against T° (Figure [V-8])
1
The half-width varies linearly with T¢ at high temperatures and
approaches a limiting value as T tends to zero. The solid line

represents the calculated best fit to

H, = H [coth(h/2KD) 1% [TI-78]

where H 1is the value of H at T = 0 K.
o obs
(b) Em against T (Figure [V-9])
The position of the band maximum shifts from 4.744 eV at 296.0 K
to 4.799 eV at 15.0 K. The variation is linear at high temperature.
(¢) Iy against T (Figure [v-101)

The band intensity increases smoothly as the temperature decreases.

2-3 One Asymmetric Gaussian Band

An asymmetric gaussian band can be characterized by the same three
parameters describing a symmetric gaussian curve with the addition of
a skew parameter, b, which arises from the fact that the sides of the
band are no longer mirror images. This parameter becomes zero as the
curve approaches a symmetric gaussian (see Equation [Iv-2]).

Initial parameter estimates were the same as before with the
addition of an arbitrarily chosen value for the skew parameter. Best
fit values of the parameters are summarized in Table [v-2]. The mean
deviation in Ej was 0.001 eV (~0.02%), in Im was 0.02 cm ! eV ! (~2%),
and in Hobs was 0.001 (~1%). The mean deviation in the skew parameter
was 0.02. This could be as much as 50% of the value of b when this
parameter was small. But when b is small its effect on the band shape

is small (i.e. the band is almost symmetric).



A-BAND ABSORPTION KBr:Tl+ — ONE ASYMMETRIC GAUSSIAN BAND

TABLE [V-2]

Run No. T/K Em/éV Im/cm.'1 ev? HobS/eV b
29 296.0 4.757 0.95 0.160 -0.29
30 83.0 4.791 1.92 0.083 -0.08
31 90.2 4.790 1.82 0.088 -0.12
32 . 95.0 4.788 1.76 0.090 -0.13
33 97.2 4.789 1.75 0.091 -0.14
34 105.0 4.787 1.67 0.094 -0.16
35 133.2 4.783 1.48 0.107 -0.20
36 170.3 4.777 1.29 0.122 -0.21
37 209.3 4.770 1.15 0.135 -0.25
40 296.0 4.755 0.94 0.160 -0.28
41 82.0 4.791 1.94 0.082 -0.10
42 83.0 4.791 1.94 0.083 -0.09
43 104.5 4.788 1.73 0.092 -0.12
44 144.5 4,782 1.47 0.109 -0.18
45 187.0 4.776 1.27 0.124 -0.24
46 224.5 4.769 1.14 0.137 -0.25
47 255.5 4.764 1.04 0.147 -0.27
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Run No. T/K Em/ eV Im/ en~t ev” Hobs/ ev b
101 15.0 4.797 2.54 0.061 +0.07
102 20.2 4.798 2.53 0.061 +0.07
103 25.0 4.797 2.50 0.061 +0.08
104 31.5 4.796 2.52 0.063 +0.06
105 35.5 4.796 2.46 0.063 +0.06
106 44.2 4.796 2.36 0.065 -0.02
107 49.3 4.795 2.32 0.068 +0.01
108 57.0 4,794 2.16 0.071 -0.02

0.001 0.02 0.001 0.02
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Experimental data at 296.0 K, 83.0 K and 15.0 K fitted as one
asymmetric gaussian band are shown in Figures [v-11,V-13,V-15]. Their
error plots are given in Figufes [v-12,V-14,V-16].

The temperature variation of the parameters is shown in Figures
[v-17,v-18,V-19,V-20].

(a) Hobs against f% (Figure [V-171)

The half-width variation with the square root of the temperature
shows the same general features as for the symmetric gaussian curve.
The best fit to equation [II-78] is again plotted as 2 solid line.
() E against T (Figure [v-18])

Em shifts from 4.757 eV at 296.0 K to 4.797 eV at 15.0 K. Again,
the variation is linear at high temperature.

(c) Im against T (Figure [v-19])

Im shows the same general shape as was observed in the symmetric
gaussian case.

(d) b against T (Figure [v-20])

The plot of skew parameter against temperature shows that the
absorption band is very asymmetric to the low energy side at high
temperatures. The amount of asymmetry decreases with decreasing
temperature, the band being essentially symmetric gaussian at 50 K.
Below this temperature, the band is slightly asymmetric to the high

energy side, the asymmetry increasing as T approaches 0 K.

2-4 Two Symmetric Gaussian Bands

The resolution of the absorption line shape envelope into two
symmetric gaussian bands requires the use of six parameters. The

calculated line shape is simply the algebraic sum of two separate
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gaussian bands, each of which is defined by the three parameters Em, Im,

and Hobs'

In order to obtain initial parameter values for computer processing,
symmetric bands were estimated graphically and the parameters read
directly from this sketch. The final values obtained for these parameters
are given in Table [V-3]. The mean deviations are given in the last line
of the table.

Experimental data at 296.0 K, 83.0 K and 15.0 K fitted as two
symmetric gaussian bands are shown in Figures [v-21,V-23,V-25], along
with their error plots in Figures [v-22,V-24,V-26].

The temperature variation of the parameters is shown in Figures
[v-27,V-28,V-29].

(a) Hobs against T% (Figure [V-27])

From 83.0 K to 296.0 K the temperature variation of the half-
width is linear with T1/2 for both bands. For the high energy band below
83.0 K, the half-width increases to give a limiting value which is
larger than the half-width at liquid nitrogen temperature. For the low
energy band, the half-width continues to decrease and reaches a limit-
ing value of 0.037 eV.

(b) Em against T (Figure [V-28])

The change in the position of the band maximum with temperature is
larger for the low energy component than for the high energy band. For
both bands, Em decreases linearly with T above 83.0 K. Below this
temperature however, the band maximum for both bands decreases.

(c) Im against T (Figure [V-29])

Above 83.0 K the intensity of the high energy band is approximately
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constant. Below 83.0 K the intensity of this band increases sharply.
The temperature dependence of the intensity for the low energy band
is quite different. From 296.0 K to 83.0 K the inténsity is greater
than that of the high energy band and increases as T decreases. Below
83.0 K the band intensity increases and then decreases falling below
the intensity of the high energy at approximately 30 K.

The separation energy of the two components of the absorption line

shape, AE

splitting = E12, is shown in Figure [v-30]. It varies

1
linearly with T¢ at high temperature and approaches a limiting value

as T approaches zero.

79-5 Two Asymmetric Gaussian Bands

Eight parameters are required to describe the absorption line
shape envelope as the sum of two asymmetric gaussian bands. Each band

is defined by Em, I1,H , and b.

m’> obs

Converged values of the parameters obtained from the resolution
as two symmetric gaussian bands along with arbitrarily chosen skew
parameters were used as ipitial estimates. The final values are given
in Table [V-4]. The mean deviations are given in the last line of the
table.

Experimental data at 296.0 K, 83.0 K, and 15.0K fitted as two
asymmetric gaussian bands are shown in Figures [V—31,V-33,V-35], along
with their error plots in Figures [V-32,V-34,V-36].

The temperature variation of the parameters is shown in Figures

[v-37,V-38,V-39,V-40].
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(a) Hobs against '1‘16 (Figure [V-37])

The half-width values as a function of T% for the low energy band
lie on a smooth curve. However, more scatter is observed for the high
energy band and the functional relationship is therefore more uncertain.
)] E111 against T (Figure [V-38])

For the high energy band, the shift of Em with temperature is
small [Em = 4.802 eV at 296.0 K and ]?.m = 4,820 eV at 15.0 K]. The
change in Em is linear with T for high T, but there is essentially no
change in E111 below 100 K. The shift of Em with T is much larger for
the low energy band [Em = 4.727 eV at 296.0 K and Em = 4.790 at 15.0 K].
'i'he relationship between Em and T for this band appears to be linear
over the whole range of temperatures.

() I against T (Figure [V-39])

The intensity of the low energy band increases smoothly with
decreasing temperature. The intensity values for the high energy band
are not as well behaved. From 300 K to 120 K, Im increases with
increasing temperature. Below 120 K, the results are badly scattered
but the intensity seems to increase rapidly from 100 K to 40 K and then
to decrease sharply as T approaches 0 K.

(d) b against T (Figure [V-40])

The change in the skew parameter with T is not too clearly defined.
At high temperatures for the low energy band, b is roughly constant
~=0.25. Below 80 K the value of this parameter increases having a zero
value at ~25 K. As the temperature decreases below 25 K, b increases
and is positive. The asymmetry of the high energy band is smaller than

that of the low energy band, the skew parameter having a value in the
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range *0.1. b is negative at high T, positive at low T and has a zero
value at ~160 K.

The temperature dependence of AE = E;2 is shown in

splitting
1
Figure [V-41]. The relationship against T% is linear at high T and

reaches a limiting value of 0.03 eV at T = O K.

2-6 Three Symmetric Gaussian Bands

The resolution of the absorption line shape envelope into three
symmetric gaussian bands requires nine parameters, three for each band.

A graphical procedure similar to that used for the two band
symmetric gaussian model was used to obtain initial estimates for the
parameters. The results of the computer analysis are given in Table
[v-5].

No results are shown below 82.0 K since the non-linear least
squares program could not provide converged values for the parameters.
Even below 100 X, the results are badly scattered. In some instances,
the best resolution indicated two bands at the same energy. The errors
in the parameters are much larger than those for any of the other models.

Experimental data at 296.0 K and 83.0 K fitted as three symmetric
gaussian bands are shown in Figures [V-42,V-44] along with their error
plots in Figures [V-43,V-45].

The temperature variation of the parameters is shown in Figures
[V-46,V-47,V-48].

(a) B,  against T? (Figure [V-46])

For all three bands, the variation of the half-width is linear
with ']?1/2 in the temperature range studied. In addition, there is some
indication that the half-width of the highest energy band is beginning

to approach a limiting value.
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(b) Em against T (Figure [v-471)

The position of the maximum for all three bands decreases linearly
with temperature. The shift is largest for the lowest energy band and
smallest for the highest energy band.

(c) Im against T (Figure [v-481)

The results show a great deal of scatter especially at low
temperatures. However, for the centre band, Im appears to increase
sharply as the temperature decreases. Only a slight increase is
observed for the other two bands.

The separation energies Ei2, [Em(Band 1)-Em(Band 2)], and E23,
[Em(Band 2)-Em(Band 3)], plotted against '.137/2 are shown in Figure [V-49].
Both E;» and Ep3; decrease with decreasing temperature, E23 decreasing
the more rapidly. The results at temperatures where Band 2 and Band 3
are coincident, (E23=0), do not appear to follow the trend at higher

temperatures.

2-7 Standard Deviafion for Line Shape Models

The standard deviation, O, of the fit using the best values of the

parameters in a least squares sense was calculated from the equation

_ 2
g2 = z (Iobs Icalc)

N-P

where N is the number of data points used,
P is the number of parameters,
Iobs-is the experimental value at a given energy,

and Icalc is the algebraic sum of the contributions of all bands at
the same energy.

The standard deviation as a function of temperature for each of the

models used is shown in Figure [v-50].
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FIGURE [V-1]

A-BAND ABSORPTION KBr:T1'

————— 144.5 K
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A-BAND ABSORPTION KBr:T1
1 SYMMETRIC GAUSSIAN BAND
RON 29 - 296.0 K

FIGURE [V-2]
& - experimental points

The solid line is the calculated best fit.

FIGURE [V-3]
Plot of I(experimental) - I(calculated) for each

experimental point.
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A-BAND ABSORPTION KBr:Ti'
1 SYMMETRIC GAUSSIAN BAND
RON 30 - 83.0 K

FIGURE [V-4]
A - experimental points

The solid line is the calculated best fit.

FIGURE [V-5]
Plot of I(experimental) - I(calculated)

for each experimental point.
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A-BAND ABSORPTION KBr:T1'
1 SYMMETRIC GAUSSIAN BAND
RON 101 - 15.0 K

FIGURE [V-6]
TaY - experimental points

The solid line is the calculated best fit.

FIGURE [V-7]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:T1®
1 SYMMETRIC GAUSSIAN BAND
RON 101 - 15.0 K

FIGURE [V-6]
JAY - experimental points

The solid line is the calculated best fit.

FIGURE [V-7]
Plot of I(experimental) - I(calculated) for

each experimental point.
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FIGURE [V-8]

A-BAND ABSORPTION KBr:T1

1 SYMMETRIC GAUSSIAN BAND

H ainst '1‘1/2
obs agains

O - experimental parameter values

The solid line was calculated from equation [II-78].

Ho = 0.0572 eV

1.62 x 10%2 sec-1

<
]
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FIGURE [V-9]

A-BAND ABSORPTION KBr:T1'

1 SYMMETRIC GAUSSIAN BAND

E against T
m

— experimental parameter values
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FIGURE [V-10]

A-BAND ABSORPTION KBr:T1'

1 SYMMETRIC GAUSSTIAN BAND

Im against T

- experimental parameter values
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A-BAND ABSORPTION KBr:T1'
1 ASYMMETRIC GAUSSIAN BAND
RN 29 - 296.0 K

FIGURE [V-11]
N - experimental points

The solid line is the calculated best fit.

FIGURE [V-12]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:Ti'
1 ASYMMETRIC GAUSSIAN BAND
RON 30 - 83.0 K

FIGURE [V-13]
A - experimental points

The solid line is the calculated best fit.

FIGURE [V-14]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:T1'
1 ASYMMETRIC GAUSSIAN BAND
RUN 101 - 15.0 K

FIGURE [V-15]
a - experimental points

The solid line is the calculated best fit.

FIGURE [V-16]
Plot of I(experimental) - I(calculated) for

each experimental point.
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FIGURE [V-17]
A-BAND ABSORPTION KBr:T1®
1 ASYMMETRIC GAUSSIAN BAND

H against T7/2
obs

QO - experimental parameter values
The solid line was calculated from equation [II-78].

Hp

0.0577 eV

= 1.68 x 102 sec:-1
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FIGURE [V-18]

A-BAND ABSORPTION KBr:T1'

1 ASYMMETRIC GAUSSIAN BAND

E against T
m

- experimental parameter values
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FIGURE [V-19]

A-BAND ABSORPTION KBr:T1'

1 ASYMMETRIC GAUSSIAN BAND

I against T
m

Q - experimental parameter values
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FIGURE [V-20]

A-BAND ABSORPTION KBr:T1'

1 ASYMMETRIC GAUSSIAN BAND

b against T

- experimental parameter values
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A-BAND ABSORPTION KBr:T1®
2 SYMMETRIC GAUSSIAN BANDS
RN 29 - 296.0 K

FIGURE [V-21]
O - experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-22]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:Tl®
2 SYMMETRIC GAUSSIAN BANDS
RUN 30 - 83.0 K

FIGURE [V-23]
Ja - experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-24]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:Ti'
2 SYMMETRIC GAUSSIAN BANDS
RON 101 - 15.0 K

FIGURE [V-25]
a — experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-26]
Plot of I(experimental) — I(calculated) for

each experimental point.
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FIGURE [V-27]
A-BAND ABSORPTION KBr:T1
2 SYMMETRIC GAUSSTAN BANDS

H inst T1/2
obs 2821ns

] - experimental parameter values Band 1
O - experimental parameter values Band 2

The solid lines were calculated from equation [II-78].

Band 1 Band 2
v = 3.8 x 10'2 sec v = 6.9 x 10*! sec™’
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FIGURE [V-28]

A-BAND ABSORPTION KBr:Tih

2 SYMMETRIC GAUSSIAN BANDS

E against T
m

|| — experimental parameter values Band 1

(o) ~ experimental parameter values Band 2
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FIGURE [V-29]
A-BAND ABSORPTION Kbr:T1"
2 SYMMETRIC GAUSSIAN BANDS

Im against T

B - experimental parameter values Band 1

QO - experimental parameter values Band 2
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FIGURE [V-30]
A-BAND ABSORPTION KBr:T1®
2 SYMMETRIC GAUSSIAN BANDS
%

AEspli tting against T

Q - experimental values
The solid line was calculated from equation [VI-27].

AE

o

0.031 eV

2.53 x 10'2 sec”}

<
]
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A-BAND ABSORPTION KBr:Ti'
2 ASYMMETRIC GAUSSIAN BANDS
RUN 29 - 296.0 K

FIGURE . [V-31]
O - experimental points
The solid lines are the calculated resolved bands

and their sum.

FIGURE [V-32]
Plot of I(experimental) - I(calculated) for each

experimental point.
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A-BAND ABSORPTION KBr:Tl+
2 ASYMMETRIC GAUSSIAN BANDS
RUN 30 - 83.0K

FIGURE [V-33]
TA) ~ experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-34]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A-BAND ABSORPTION KBr:Tl®
2 ASYMMETRIC GAUSSIAN BANDS
RON 101 - 15.0 K

FIGURE [V-35]
O - experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-36]
Plot of I(experimental) - I(calculated) for

each experimental point.
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FIGURE [V-37]
A-BAND ABSORPTION KBr:T1'
2 ASYMMETRIC GAUSSIAN BANDS

H inst T1/2
obs 2821ns

[ ] - experimental parameter values Band 1
(@) - experimental parameter values Band 2

The solid lines were calculated from equation [II-78].

Band 1 Band 2
Ho = 0.040 eV Ho = 0.039 eV
-1 -
v = 3.4 x 10'2 sec v = 1.1 10'2 sec”
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FIGURE [V-38]

A-BAND ABSORPTION KBr:T1'

2 ASYMMETRIC GAUSSIAN BANDS

E against T
m

[ | - experimental parameter values Band 1

O - experimental parameter values Band 2
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FIGURE [V-39]

A-BAND ABSORPTION KBr:T1

2 ASYMMETRIC GAUSSIAN BANDS

Im against T

] ~ experimental parameter values Band 1

o) - experimental parameter values Band 2
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FIGURE [V-40]
A-BAND ABSORPTION KBr:T1'
9 ASYMMETRIC GAUSSIAN BANDS

b against T

] - experimental parameter values Band 1

O - experimental parameter values Band 2
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FIGURE [V-41]
A-BAND ABSORPTION KBr:T1'
9 ASYMMETRIC GAUSSIAN BANDS

AE inst T%
splitting agains

O - experimental parameter values

The solid line was calculated from equation [VI-27].

AE

o

0.030 eV

2.19 X 102 sec-1

<
1]
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A-BAND ABSORPTION KBr:Ti'
3 SYMMETRIC GAUSSIAN BANDS
RUN 29 - 296.0 K

FIGURE [V-42]
N - experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-43]
Plot of I(experimental) - I(calculated) for

each experimental point.
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A—BAND ABSORPTION KBr:T1'
3 SYMMETRIC-GAUSSIAN BANDS
RON 30 - 83.0 K

FIGURE‘[V—44]
O - experimental points
The solid lines are the calculated resolved

bands and their sum.

FIGURE [V-45]
Plot of I(experimental) - I(calculated) for

each experimental point.
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Band 1

Band 2

Band 3

FIGURE [V-46]

A—BAND ABSORPTION KBr:T1'

3 SYMMETRIC GAUSSIAN BANDS

1

" inst T2
obs 2831ns

- experimental parameter values Band 1
- experimental parameter values Band 2

- experimental parameter values Band 3

Ho/eV v/10*2 sec
0.038 3.1
0.05 2.2
0.072 2.5
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FIGURE [V-47]
A-BAND ABSORPTION KBr:TL'
3 SYMMETRIC GAUSSIAN BANDS
Em against T

B - experimental parameter values Band 1

O - experimental parameter values Band 2

D - experimental parameter values Band 3
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FIGURE [V-48]

A-BAND ABSORPTION KBr:T1'

3 SYMMETRIC GAUSSIAN BANDS

I against T
m

- experimental parameter values Band 1

experimental parameter values Band 2

- experimental parameter values Band 3
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FIGURE [V-49]
A-BAND ABSORPTION KBr:T1'
3 SYMMETRIC GAUSSIAN BANDS

AEspl:r'.tting against T

B - Ei2 [Em(Band 1) - Em(Band 2)]

O - Eo3 [Em(Band 2) - Em(Band 3)]
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FIGURE [V-50]

A-BAND ABSORPTION KBr:T1'

STANDARD DEVIATION OF FIT

against

TEMPERATURE

one symmetric gaussian band

two symmetric gaussian bands

three symmetric gaussian bands

one asymmetric gaussian band

two asymmetric gaussian bands
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3. Emission
3-1 Introduction

The emission of KBr:Tl+ was produced by excitation in the short
wavelength (high energy) tail of the A-absorption band by the 2537 A
line of a mercury arc.

Continuous excitation of the crystal ensured that relaxation in
the excited state occurred before the emitted light was measured. As
a result, the maximum intensity of the emission is at lower energy than
the absorption maximum.

The emission line shape, I, is plotted against energy at five
representative temperatures in the range 15.5 K to 296.0 K in Figure
[v-51]. At room temperature, the emission is broad and not clearly
resolved. At 83.0 K, the spectrum consists of two almost completely
resolved bands of comparable intensity. At 15.5 K, the spectrum is
dominated by the high energy component although two small bands are
apparent. The relative intensity of the two major bands is very

temperature sensitive.

3-2 Characterization of Emission Line Shape

The emission line shape was analyzed as the sum of two symmetric
gaussian bands with the addition of a third band at low temperatures
to take into account the small third band which appeared at liquid
helium temperature. Three parameters, Hobs’ Em’ and Im were required
for each gaussian band. Initial estimates for the parameters were
readily available by inspection of the experimental data. Best fit

values of the parameters are summarized in Table [V-6]. The maximum

errors in the parameters are given in the table.
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Experimental data at 296.0 K, 83.0 K, and 15.5 K are shown in
Figures [V-52,V-54,V-56]. The corresponding error plots are given in
Figures [V-53,V-55,V-57].

The temperature variation of the parameters is shown in Figures
[V;58,V;59,V—60].

(a) Hobs against T% (Figure [V-58])

The half-widths of the high energy bands vary linearly with T%
at high temperature and approach limiting values as T approaches 0 K.
The variation in the half-width of the lowest energy band is character-
ized only at low femperature.

(b) Em against T (Figure [V-59])

For the two major bands, Em decreases as the temperature decreases
to ~120 K and then increases as T approaches 0 K. The lowest energy
band follows a similar trend in the region studied.

(e) Im against T (Figure [V-60])

At low temperatures, the highest energy band, Band 1, is the more
intense. As the temperature increases, the intensity in this band
decreases while the lower energy band, Band 2, grows. At ~110 K, Band 1
reaches its minimum intensity and Band 2 its maximum. Above this
temperature, Band 1 grows slightly and Band 2 becomes smaller until at
room temperature the two bands are approaching the same intensity.

The third band is small and decreases in intensity as the temperature
increases.

The separation energies E;», [Em(Band 1)—Em(Band 2)], and Ez3,
[Em(Band 2)—Em(Band 3)], piotted against T% are shown in Figure [V-61].
E;j2 shown two constant ranges with a shift at ~110 K. E23 increases

as the temperature decreases.



FIGURE [V-51]
+

EMISSION KBr:Tl
A-BAND EXCITATION

— — — — 296.0 K
————— 107.2 K

83.0K

—————— 57.0 K
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EMISSION RBr:T1'
A-BAND EXCITATION

2 SYMMETRIC GAUSSIAN BANDS
RUN 1 - 296.0 K

" FIGURE [V-52]
fAN - experimental points
The solid lines are the calculated resolved bands

and their sum.

FIGURE [V-53]
Plot of I(experimental) - I(calculated) for each

experimental point.
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EMISSION KBr:TL'
A-BAND EXCITATION

2 SYMMETRIC GAUSSIAN BANDS
RUN 2 - 83.0K

FIGURE [V-54]
o - experimental points

The solid lines are the calculated resolved bands

and their sum.

FIGURE [V-55]
Plot of I(experimental) - I(calculated) for each

experimental point.
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EMISSION KBr:T1
A-BAND EXCITATION
3 SYMMETRIC GAUSSIAN BANDS
RON 132 - 15.5 K

FIGURE [V-56]
A - experimental points
The solid lines are the calculated resolved bands

and their sum.

FIGURE [V-57]
Plot of I(experimental) - I(calculated) for each

experimental point.
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FICURE [V-58]
EMISSION KBr:T1h
A-BAND EXCITATION
3 SYMMETRIC GAUSSIAN BANDS

H inst T1/2
obs 282ins

B - experimental parameter values Band 1
O - experimental parameter values Band 2
FAY - experimental parameter values Band 3
Band 1 Band 2

0.194 eV Ho = 0.184 gV

1.5 x 10'2 sec™’ vV = 1.41 x 10'2 sec

-1

151



151z

T "l ot 9 2

[8S-A] 3Y¥NOIA

/ %

A2 | 0l



152

FIGURE [V-59]

EMISSION KBr:T1

A-BAND EXCITATION

3 SYMMETRIC GAUSSIAN BANDS

E_ against T
m

experimental parameter values Band 1

experimental parameter values Band 2

- experimental parameter values Band 3
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FIGURE [V-60]

EMISSION KBr:T1®

A-BAND EXCITATION

3 SYMMETRIC GAUSSIAN BANDS

I against T
m

- experimental parameter values Band 1

experimental parameter values Band 2

- experimental parameter values Band 3
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FIGURE [V-61]
EMISSION KBr:T1'
A-BAND EXCITATION
3 SYMMETRIC GAUSSIAN BANDS

AEsplitting against T

@ -Eio [Em(Band 1) - Em(Band 2)]

O - E;;3 [Em(Band 2) - Em(Band 3)1]
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CHAPTER VI

DISCUSSION

1. Absorption

1-1 Introduction

The configuration coordinate approximation assumes that the
adiabatic potentials for the ground and excited states can be expanded
as a function of a single coordinate and that only terms up to and
including the square of this coordinate are significant. If the force
constants in the ground and excited states are the same (linear coupling),
the absorption line shape can be derived quantum mechanically (see
Equations [II-56] and [II-60]). At low temperatures for large values
of the coupling constant, a, the line shape is very nearly gaussian.
At high temperatures, the line shape is accurately gaussian. For the
semi-classical approximation in linear coupling, the line shape is
accurately gaussian at all temperatures (see Equation [II-76]). The
position of the band maximum is independent of temperature and the

temperature dependence of the half-width obeys the relationship

Hobs = Ho[coth(‘Pima/Zk:IZ)]1/2 [11-78]
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If the force constants in the ground and excited states are not the
same (quadratic coupling), the semi-classical approximation gives a
line shape which is asymmetric gaussian (see Equation [I1I-87]). Em is
dependent on temperature and the temperature dependence of the half-
width is given approximately by equation [1I-78].

In order to determine the most satisfactory model for the A-band
absorption of KBr:Ti+, the experimental results.were analyzed as either
symmetric or asymmetric gaussian bands (see Equations [IV-1] and [IV-2]).
In addition, the temperature dependences of the derived parameters were
investigated to determine whether or not they conform to the theoretical

predictions.

1-2 Single Band Analysis

Representative results for the analysis of the line shape as a
single symmetric gaussian band are given in Figures fv-21 to [V-7].
The fit is very umsatisfactory even at low temperatures where the band
appears most symmetric. The error plots show that the deviations are
large and systematic.

Results for the analysis as a single asymmetric gaussian band are
given in Figures [V-11] to [V-16]. Although the fit is better, particularly
at high temperatures, the analysis is still unsatisfactory since the
deviations exhibit large systematic changes. For either analysis, the
intensity of the band increases smoothly as the temperature decreases
(see Figures [V-10] and [V-19]). For an asymmetric gaussian, the skew

parameter, b, can be defined as

E1-Em
b = log E -E, [Vi-1]
m
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where E1 and Ez are the energies corresponding to I at %Im and Em is

the position of maximum intensity, Im. b, Figure [V-20], is negative

and increases smoothly with decreasing temperature indicating that the
band is becoming more symmetric. At very low temperatures, b is positive
showing that the band is now asymmetric to the high energy side.

Theoretically, for a symmetric gaussian, Em is independent of T,

E = Eg [VI-2]

and for an asymmetric gaussian, the temperature dependence of Em is

given by
113 %\ 2
E =% . - (e-Lirt - =D (L) [VI-3]
m ab 2 ® qz
“a’o
where
r = Kb/Ka [VI-4]

and the other quantities are as defined in Chapter II. Unless r is
very large, the third term on the right hand side of equation [vi-3]
should be negligible and Em becomes a linear function of kI*.

The theoretical expressions for the temperature dependence of Em
were derived for conditions of constant volume. However the experiments
were done at constant pressure and the values of Em must be corrected
for thermal expansion before a comparison with theory can be made.
Corrections of this type have been made by Jacobs and Krishna Menon [66]
for the F centre in KBr. However, the calculation involves the use of
bulk values of the thermal expamsivity and compressibility and there is
some doubt as to the validity of using macroscopic properties to describe
the local values around the TI+ ion. Rough correctionsto Em for the

single symmetric gaussian, Figure [v-9], indicate that Em is constant.
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Similar corrections to Em for the single asymmetric gaussian, Figure
[V-18], result in a negative value for r. This means that one of the
force constants must be negative, a result not meaningful in this
situation.

Thermal expansion corrections to the half-width are not necessary,
so that the experimentally derived values of Hobs can be expected to
follow the theoretical expressions accurately. Plots of Hobs against
T1/2 are given in Figures [V-8] and [V-17]. The solid line in both cases
represents the best fit of the data to equation [II-78]. The values of
Ho and V(Sw/2m) are given in Table [VI-1]. In both cases, the experi-
mental data curves too sharply for the coth function. To ensure that
the difficulties in fitting were not caused by the least squares
routine used, the data were analyzed on a generalized least squares
program having the option of weighting both x and y variables [88].

With no weighting, the results were identical with those previously
obtained. Using full weighting, the parameters obtained were essentially
the same but the standard deviation indicated that the weighting factors
were too small. The weights in Hobs were obtained from the least squares
resolution of the original data and those in T were estimated from the
observed experimental fluctuations in temperature during a run. Thus

the weights were reasonably well known and it was concluded that the
model did not fit the data. The introduction of an arbitrary additive
constant to equation [II-78] gave an empirical model which did fit the
data well. However no physical significance can be attached to a
negative intercept in the high temperature limit of equation [II-78].

It should be noted that there is an inherent inconsistemcy in fitting

the data for the asymmetric gaussian to equation [II-78] since this
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TABLE [VI-1]

PARAMETERS DERIVED FROM THE TEMPERATURE DEPENDENCE OF Hobs

Model  Band  H_/eV  V/10'Z sec ! S

1 s6 0.0572 1.61 13.5

1 ASG 0.0577 1.68 12.6

2 SG 1 0.044 3.80 1.5
2* 0.035 0.689 27.8

2 ASG 1 0.040 3.38 1.5
2 0.039 1.09 14.1

3 SG 1 0.038 3.10 1.6
2* 0.050 2.23 5.4
3 0.072 2.51 9.1

- parameters uncertain

TABLE [VI-2]

PARAMETERS DERIVED FROM THE TEMPERATURE DEPENDENCE OF m;

Model Band | ] Kaqf)/lo-z eV v/10'? sec”!
1 ASG 3.22 1.46 1.85
2 ASG 1 1.72 1.20 4,10

2 3.58 0.638 1.75
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relationship is strictly valid only for linear coupling. A more
significant quantity is the second moment, m,, given by

@] - w[zE] | e

2

H
0, = obs
2 2sinh(b) {

In the limit of small b,
= u2
my = HObS / (81n2)

which is the same as the expression derived for am accurately gaussian

distribution. The temperature dependence of m, is
mp = rR_q2(IY) +%(r-1)2 (") [VI-6]

which is equivalent to equation [II-90]. A plot of mz against T is
given in Figure [VI-l]. The solid line is the calculated best fit to
equation [VI-6]. The values of the parameters, r, (qu), and V(Ew/2rm),
are giveﬁ in Table [VI-2]. The value of r is very large and the value
of (Kqé) is very small. Tﬁis is a reflection of overemphasizing the
coth? term in order to fit the data.

Despite the reasonably adequate representation of the temperature
dependences of the derived parameters by the theoretical expressionms,
it is clearly evident from a comparison of the observed and calculated
line shape that neither a single symmetric gaussian nor a single
asymmetric gaussian can accurately characterize the experimental data.
In particular, the flatness of the experimental data at the peak as
compared to either calculated curves, suggests strongly that the band

is multiple.
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FIGURE [VI-1]
A-BAND ABSORPTION KBr:T1™
1 ASYMMETRIC GAUSSIAN BAND
m, against T

O - experimental parameter values

The solid line is calculated from equation [VI-6].

|=

2
0

3.22

Kq 0.0146 eV

1.85 x 10'2 sec

v
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1-3 Two Band Analysis

The £it of the absorption line shape as two symmetric gaussian
curves at representative temperatures is given in Figures [V-21] to
[V-26]. Although the deviations are considerably smaller than those
for either of the single band models especially at low temperatures
(see Figure [V-50]), there is still a systematic fluctuation. At high
temperatures the resolution is not significantly better tham that for
a single asymmetric'gaussian curve.

The use of two asymmetric gaussian bands gives the results shown
in Figures [V-31] to [V-36]. For this model, the deviations appear to
be almost completely random over the complete range of temperatures
studied.

The temperature dependence of Im for both two symmetric gaussian
and two asymmetric gaussian bands, Figures [V-29] and [V-39], show
rather erratic behavior at low temperatures but it is difficult to attach
any significance to this fact. The skew parameter, b, Figure [V-40],
also shows considerable scatter. However, it is evident that the low
energy component is the more asymmetric. As the temperature decreases,
b tends to become more positive fo; bbfh bands.

For two symmetric gaussian bands, the temperature dependence of
Em’ Figure [V-28], shows very peculiar behavior. At high temperatures,
Em varies linearly with T but as the temperature decreases, Em reaches
a maximum and then decreases again. When thermal expansion corrections
are made, Em for the low energy band is approximately constant as
predicted by theory although there is stiil a small hump around 70 K.
For the high energy band, the thermal expansion correction results in
a linear relationship between Em and T where Em increases with increasing

T.
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For the low energy band of two asymmetric gaussians, Figure [V-38],
Em decreases linearly with increasing T. For the high energy band, Em
is constant to ~150 K and then decreases with increasing T. Corrections
for thermal expansion give r(EKb/Ka) values of -3.2 for the high energy
band and 0.2 for the low energy band.

The temperature dependences of Hobs for two symmetric gaussian
bands, Figure [V-27], are unusual in that at low temperatures the half
width for the high energy band (Band 1) increases from the value at
~70 K. The solid line represents the best fit to equation [II-78].

The parameters are given in Table [VI-1]. However, the fit is unsatis-—
factory. For the low energy band (Band 2) the solid line is the best
fit achieved although the iteration procedure used failed to alter Ho
and consequently the values of the parameters are suspect.

For two asymmetric gaussian bands, the temperature dependences of
Hobs’ Figure [V-37], are satisfactorily fitted by the coth function
(see Equation [II-78]) although the data for the low energy band (Band 2)
shows substantial scatter. The analysis of the second moments (see
Equation [VI-6]) is shown in Figure [VI-2]. The parameters are given
in Table [VI-2] and are not in the ranges expected.

It should be pointed out that the derived frequency, whichever
analysis is used, is that of the ground state, va. Even if more than
one excited state is involved in the absorption process the frequency
obtained from fitting the temperature dependence of the parameters to
the theoretical expressions should be the same for all bands. This is

not the case.
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FIGURE [VI-2]
A-BAND ABSORPTION KBr:T1'
2 ASYMMETRIC GAUSSIAN BANDS
o, against T

B - experimental parameter values Band 1
O - experimental parameter values Band 2 |

The solid lines were calculated from equation [VI-6].

Band 1 Band 2
|z] = 1.72 x| = 3.58
Kqé = 0.0120 eV Rq2 = 0.00638 eV
V = 4.10 X 10*2 sec”’ v = 1.75 x 10'2 gec”
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1-4 Three Band Analysis

The resolution of the absorption line shape into three symmetric
gaussian bands was investigated and representative.results are shown
in Figures [V-41] to [V-46]. It was possible to resolve the shape as
three bands only above liquid nitrogen temperature. The scatter in the
derived parameters suggests that the analysis is dubious below 120 K.
Also the standard deviation of the fit (see Figure [V-50]) is not
significantly better than that for two asymmetric gaussian bands. From
a purely statistical point of view, the use of an extra parameter should
reduce the standard deviation [89]. Im actual fact, at most temperatures,
the standard deviation was higher.

Esser and Levy [90] were successful in resolving the A-band
absorption in KCl:Tl+ into three symmetric gaussian bands above 200 K
but into only two symmetric gaussian bands below this temperature.
Braner and Halperin [40] investigated the validity of resolving the
A-band absorption in KCl:Tl+ as two or three symmetric gaussian bands
over the temperature range 4-700 K and concluded that resolution into
three bands was not justified.

Despite reservations concerning the validity of the three band
resolution, the temperature dependence of the parameters was investigated.
All three parameters, Im Figure [V-48], Em Figure [V-47] and Hobs
Figure [V-46], show smooth relationships with temperature at high
temperatures. Thermal expansion corrections make the values of Em for
the two lowest energy bands approximately constant. However, after
correction, the highest energy band shows an increase in Em with
inﬁreasing T. The half-widths were fitted to equation [11I-78]. The

lack of data below 80 K makes the values of Ho unreliable (see Table
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[VI~1]). 1In fact, for the middle band, the computer program failed to

alter Ho during iteration.

1-5 Conclusions
The best empirical fit to the experimental data is given by the
sum of two asymmetric gaussian bands. However the parameters obtained

by fitting the temperature dependences of H

or m, to the theoretical
obs

expressions do not lend themselves to interpretation on the basis of

the configuration coordinate model. In particular, the frequencies
obtained for the ground state from the two bands are very different.
This is inconsistent with the model. It can be concluded that the
assumptions inherent in the configuration coordinate model, particularly
that the excited state adiabatic potential can be represented as an
harmonic oscillator, are not valid. Moreover, the Huang-Rhys parameter,

S, calculated from
B = 81n2¢w)? S [vi-7]

(see Table [VI-1]) shows that the average vibrational quantum number
in the excited state is not large. Hence the assumption that the
transition is to a sufficiently high vibrational state so that the
excited state can be treated classically is violated. Consequently a

different model is required.

1-6 Jahn-Teller Effect

The A-band absorption in KBr:TI+ is ascribed to the transition

A
1g
becomes allowed through spin orbit mixing with the 1T1u state. The

> 3T1u (see Figure [II-1]). The transition is spin forbidden but

A-band corresponds to a transition from a non-degenerate ground state
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to a triply degenerate excited state. Jahn and Teller [91] pointed out
that polyatomic molecules in degenerate electronic states are unstable
and the molecule will deform so as to reduce its symmetry and thereby
remove the electronic degeneracy. Therefore, it is reasonable to
suppose that the T1u state will be split and that the A-band absorption
of KBr:Tl+ will consist of more than one component.

Toyozawa and Inoue [21] have shown that for a point imperfection
in a system of cubic symmetry, e.g. T1+ in KBr, the Tlu state will
interact with vibrational modes of Azg’ Eg’ and ng symmetry. Interaction
with -the Alg and Eg modes will not split the state but the absorption
will be broadened. They therefore examined the effect of the ng modes
on the structure of the A and C bands. Their analysis predicts a triplet
structure for the C band and a doublet structure for the A-band.

The electron lattice interaction part of the total Hamiltonian can

be written as

A A

Hel = HJT + HQ [VI-8]

where HJT is the Hamiltonian for the Jahn-Teller interaction with the

T g modes and HQ is the quadratic interaction with the lattice. Hel
2

is expressed in terms of interaction coordinates which are derived from

the normal modes of vibration of the crystal lattice. There are a total

of six interaction coordinates corresponding to the vibration interaction

modes; Alg = (Ql)s Eg - (QZ’Q3)’ and ng = (Qansst)*

H, (JE Q)L [vi-9]



168
where 1 is the unit matrix and the force constants have been included
in the Q.'s.
QJ

The Jahn-Teller interaction Hamiltoniah has been shown to be [21]

A

Byp(T,) = c2lQ+ (@2l + B2T%)Q? [vI-10]
where 1
Q = (@ +Qi+Qd)" [Vi-11]
0 nm
T ={n 0 % [vi-12]
m % O

and £, m, n are the direction cosines of Q.

cs = % g;i c ~ [vI-13]
_ _ R ¢
Q2 = RL ABA [VI 14]
R 2 R 2
A ke [vi-15]
Ay 4 @12 Pea

where c is the coupling constant between the T1u state and the ng modes,
R is the dipole strength ratio of the C to A bands and ABA and ACA are
the energy differences between the B and A electronic states and the C
and A electronic states respectively. It should be noted that the wave
function for the excited state corresponding to the A-band absorption

can be written as

- 1 3 -
A> ul T + vl T o [VI-16]

)
n

(v/w)? [VI-17]
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Denoting the eigenvalues of T by t1, t2 and t3 and using the semi-
classical approximation kT + kI*, the normalized line shape may be
written as [21]

3
5.0 = a0/ 3 jof Sda o eml-*/0] X
i=1

§[-t; (Mg + {t;(l) - 4/3}q? - y] [VI-18]
where
A = 2%m [VI-19]
o - BELE |- | esuw =20
6 = kI¥/(q")? [vI-21]
E~-€ 2(E-€ )
_ o _ o’ (R+l) _

Yy < i3 - Teld ®2) [vi-22]

and eo is the difference between the ground state and the unsplit excited
state. The limits of integration over A are -2/3/3 to +2/3/3.

In deriving equation [VI-18], two terms have been onitted from

Hel; the quadratic interaction Hamiltonian, HQ’ and a term in Q2 from

HJT which becomes smaller as R increases.

For small values of A, dQ/dA can be writtenm as

an

I ® = 418 (L) [VI-23]

Then equation [vi-18] becomes

g(y,0) = %('rre)'y 2 4mg [VI-24]
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where 3
g, = I 8;G,9
i=1l

and

g; (.0 = {:dq q® exp[-q®/8] 8[-t (0)q + {£(0) - 4/3}q* - y] [VI-25]

Since t;(0)=-1, t2(0)=0, and t3(0)=1, the integrals are readily evaluated.
To be physically significant, q must be real and positive. This

restriction means that the value of y must be less than 0.75. Figure

[VI-3] is a plot of the components, g;s and their sum, 8> for 6=0.20.

Two of the components, g3 and g2, overlap extemsively. Consequently

they are unresolved and the overall shape shows only two components.
Toyozawa and Inoue state that the temperature dependence of the

A-band splitting is given to *5% over a wide range of temperatures by

0.77 &2 .| kry* [VI-26]

AEsplitting (R+1)

In the semi-classical approximation, kT +* kT* and the temperature

dependence of the peak separation should be given by

- %
AEsplitting = AEo[cothCﬁma/ZRI)] [vi-27]
)
Plots of AE ...+ against Té for the resolution of the A-band
splitting

absorption as two symmetric gaussian bands and as two asymmetric
gaussian bands are given in Figures [V-30] and [V-41]. The solid lines
give the best fit of the data to equation [VI-27]. The values of the

derived parameters are given in Table [VI-3].
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FICURE [VI-3]
A-BAND ABSORPTION KBr:Tl®
THEORETICAL LINE SHAPE
8;(7,8) against y
6 = 0.2

gi(y,e) was calculated from equation [VI-25]

3
gs = Lg;(:9
i=1
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TABLE [VI-3]

PARAMETERS DERIVED FROM AE

splitting
Model EO/eV v/10%2 sec:—1
2 SG .0.031 2.53
2 ASG 0.030 2.19

Using experimentally determined values for R, ABA and ACA’ the coupling
constant, ¢, and the factor q' can be evaluafed. Then 6 and y can be
related to experimental temperatures and energies thereby enabling a
comparison of the theoretical line shape with experimental results.

The relevant quantities for KBr:Tl+ are given in Table [VI-4].

TABLE [VI-4]

ABSORPTION LINE SHAPE PARAMETERS

R = 404
ACA = 1.13 eV
ABA = 0.80 eV

1,

c = 1.32 eV?

8 = 7.55 KT

y = (E-eo)/O.lo

Plots of g(y,0) against y for 6=0.20, 0.10, and 0.06 are given in
Figures [VI-4], [VI-5] and [VI-6]. Superimposed on g(y,0) are the
experimental data at temperatures corresponding to these values of 0.
The ordinate has not been adjusted for either set of data so the

relative magnitudes are not necessarily meaningful.
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FIGURE [VI-4]
A-BAND ABSORPTION KBr:T1
COMPARISON OF THEORETICAL AND EXPERIMENTAL LINE SHAPES
8= 0.2 T = 296.0 K

@ - experimental data

theoretical line shape

The ordinate has not been scaled for either set of data.
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FIGURE [VI-5]
A-BAND ABSORPTION KBr:T1'
COMPARISON OF THEORETICAL AND EXPERIMENTAL LINE SHAPES
8= 0.1 T = 144.5 K

@® - experimental data

theoretical line shape

The ordinate has not been scaled for either set of data.
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FIGURE [VI-6]
A-BAND ABSORPTION KBr:T1'
COMPARTSON OF THEORETICAL AND EXPERIMENTAL LINE SHAPES
9 = 0.06 T = 83.0 K

@® - experimental data

theoretical line shape

The ordinate has not been scaled for either set of data.
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One of the most striking features of the experimental results
(see Figure [V-1]) is that the high energy edge of the absorption band
is virtually temperature independent. This is also reflected by the
theory which predicts a high energy cut off corresponding to y=0.75.
Also the experimental line shape becomes increasingly asymmetric on
the low energy side as T increases. This feature is also predicted
by the theory.

The overall agreement between the theory and experiment is good
although the calculated band is narrower. However, the well defined
splitting predicted by the theory is not seen experimentally. Although
the splitting is predicted for all values of 8, the seéaration is small
for small values of 6 [92]. For KBr:TI+ for the temperature range
15 K<T<295 K, the range of 0 is 0.034<6<0.20 and the predicted splitting
is therefore small. In addition several approximations were made in
deriving equation [VI-24]. The inclusion of non-zero values of A in
the allowed range tempers the depth of the well between the bands. The
term omitted from EJT replaces the coefficient of q2 in the delta

function (see Equation [Vi-18]) by

20 - 4/3 - u

where
R _c?
(R+1)2 Bea

n o= (@"? [vi-28]

For KBr:T1+, the value of u is 0.092. This term is therefore small
compared with 4/3 and would not contribute significantly to the band

shape.
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A

The most severe approximation is the neglect of the effect of H

Q

on the line shape. For the special case of coupling to a mode of A1g

symmetry only (e.g. a symmetric breathing mode)

A

H, Qf 1 [VI-29]

and

E,(4,) = T -0q)* [VI-30]

where r accounts for the difference in curvature of thg adiabatic
potentials in the ground and excited states, (r=Ka1/Kb1)’ and Qo is the
displacement of the ground state minimum from that of the excited state.
Then for linear coupling (r=1), the difference between the adiabatic

potentials for one of the excited states and the ground state is

“g = ¢ +4. 203y — 4/3 = ula? -
Ebi Ea = € + 3 [ ti(l)q + {ti(l) 4/3 - ulq®] + aq, [VI-31]
where

_ N - !
a = 2049
and
_ _ N2
€ab T % Qo

Neglecting Y in comparison with 4/3

Ithv) =

3
=58 5 fay g;(7,0) expl-(hv-c_ - {8/3}y)?/a%0]  [VI-32]
9amf? i=1

Thus the effect of HQ is to convolute the line shape calculated from
HJT with a gaussian which leads to a broadening of each component.
From the plots of g(y,é) it can be seen that broadening of the components

will cause the split in the A-band to vanish leaving a smooth asymmetric

envelope.
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Thus the application of the Jahn-Teller theorem to the A-band
absorption in KBr:T1+ gives a theoretical line shape which is in good

agreement with experimental results.
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2., Emission

The emission of KBr:Tl+ was produced by continuous excitation in
the high energy tail of the A absorption band with the 2537 A (4.89 eV)
line of a mercury arc lamp.

The emission at five representative temperatures is shown in
Figure [V-51]. The spectrum consists basically of two bands at 4.01 eV
and 3.40 eV, although at low temperatures a tiny third band is seen at
3.14 eV. The most striking feature of the emission is the temperature
dependence of the intensities of the two major bands (see Figure [V-60]).
At low temperatures the spectrum is dominated by the band at 4.0l eV
(Band 1). As the temperature increases, the intensity of Band 1 decreases
while that of Band 2 (3.40 eV) increases. At ~110 K, the intensity of
Band 1 has reached a minimum and the intensity of Band 2 is a maximum.

As the temperature increases further, Band 1 begins to increase in
intensity and Band 2 decreases in intensity until at room temperature
Im(Band 2)/Im(Band 1) is ~2. The intensity of the small band at 3.14 eV
is essentially independent of temperature from 15.5 K - 73.0 K, the
temperature range over which it can be resolved.

Results for the analysis of the emission as symmetric gaussian
bands are given in Figures [V-52] to [V-57]. The bands are very nearly
gaussian in shape.

The temperature dependences of the half-widths are shown in Figure
[v-58]. The values of Hobs for the two major bands are similar. The
parameters derived from fitting the data to equation [II-78] are given
in Table [VI-5]. Although the data over the complete range of temperatures
for Band 1 werefitted, the experimental data shows a discontinuity at

~100 K. If only the data between 15.5 K and 83.0 K are fitted, the
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deviations are much smaller. However, the values of the derived

parameters are significantly different (see Table [VI-5]).

TABLE [VI-5]

PARAMETERS DERIVED FROM THE TEMPERATURE DEPENDENCE OF Hobs

Band HoleV v/10'2 sec
1 0.194 1.52
2 0.185 1.41
1* 0.206 2.26

- low temperature region

The origin of the two emission bands has been the subject of much
discussion in the literature [18,41,51]. However, since an adequate
explanation for the observed absorption requires a consideration of
Jahn-Teller interaction in the excited state, it is probable that a
Jahn-Teller interaction is also involved in the emission process. The
situation is complicated by the fact that life time studies in KCl:Tl+
[93,94] show that the high energy emission band has a slow and fast
component which is evidence that the emission arises from two transitions
one of which is forbidden. The only state that could be associated with
the slow component is the 3A1u' Ranfagni [52] has shown that the 3A1u
adiabatic potential energy surfaces exhibit the same type of minima in
the same positions as do the 3T1u surfaces in the j-j aﬁd Russell-Saunders
coupling limits. Thus there is little doubt that in KCl:Ti+ the high
energy emission band consists of two components and that the transitions

originate from almost degemerate states; one from the A state and the
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other from the 3A1u state. Although there is no firm evidence for the
existence of a slow componeat in KBr:T1+, our experimental results do
not preclude such a possibility since the sum of two gaussian components
having the same Em will also be gaussian.

The situation regarding the low energy emission band is subject to
more controversy [41,42,52,95]. However, the most likely explamation
is the existence of a second kind of minimum on the adiabatic potential
energy surface of the excited state of the A-band.

The interaction of the excited state of the A-band with vibrational
modes of Eg symmetry has been investigated in a manner similar to that

used by Fukuda [41] and Ranfagni [52]. The A state may be written as
- 1 3
[a> =y T,> + v|*r, > [vI-6]

where U and v are the mixing coefficients for the singlet and triplet

states. Its energy relative to the ground state can be written as

EA = Wb + F - G + E [VI-33]

Wb is the energy difference between the s? and sp configurations ignoring
electron-electron interactions, spin-orbit coupling and electron lattice
coupling; F is the coulomb integral and G is the exchange integral. E
includes the energy due to spin orbit coupling and electron lattice
interaction and is obtained by diagonalizing the matrix for the inter-
actions. In the Eg subspace, for the z component, IAz>, of the A state,

the matrix is
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H + H + H - F1l =
e-e e-1 s-0 ~
-b .
P -6-%¢E ~ibQ; BE
. "b 1 2 2
ibQ2 BB -C+iE 0 +(Q;+Qp 1
1
/2 0 F3re

[VI-34]

where Qz, Q3 are the interaction coordinates, & is the spin-orbit
coupling constant and b is the coupling constant between the A state

and the Eg modes. Using the notation

A = 12g/p?

g = G/E

y = ER [VI-36]
X2,3 = (-b/2/3£)Qz,3

Y = y-AGE+x2)

the energy of the z component of the A state is given by the lowest

root of

v + gy® - y(12x2 + 12x2 - 8x3g + 3/4 + g?) +
16x3 - 48x2xs + 1/4 + g(12x3 - 20x2 - 1/4) +
8x3g2 - g = 0 [VI-37]

Profiles of (y+g)=(E+G)/E, as a function of x3 for x,=0 are given
in Figures [VI-7] and [VI-8]. The Russell~Saunders coupling limit
corresponds to g== and the j-j coupling limit corresponds to g=0.
Figure [VI-7] gives the profile for different values of g with A=2.4.

. P * .z
As g increases, the minimum Tz becomes more shallow and when g=1 a minimum
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FIGURE [VI-7]
+

EMISSION KBr:T1
A-BAND EXCITATION

PROFILE PLOT OF (y+g) AS A FUNCTION OF x3

A= 2.4 x2 = 0.0
A g = 0.0
) g = 0.2
B g = 0.4
‘ g = 0.6
' g= 0.8
@) g = 1.0
O e=~-
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FIGURE [VI-8]
EMISSION KBr:TI'
A-BAND EXCITATION
PROFILE PLOT OF (y+g) AS A FUNCTION OF x;

g = 0.4 x2 = 0.0
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FIGURE [VI-8]

EMISSION KBr:T1'

A-BAND EXCITATION

PROFILE PLOT OF (y+g) AS A FUNCTION OF x;

X2
A= 2.0
A =.2.2
A=2.4
A=2,6
A= 3.0
A= 3.5

0.0

184



184a

b+A

7°0=6
[8-IA] 3¥N9OI4



185

no longer is present. The apparent minima at negative values of x3

are actually saddle points. Figure [VI-8] gives the profile for

different values of A with g=0.4. Once again as A increases the

minimum T: becomes more shallow and eventually disappears. Thus

there is a limited range for both g and A for which this minimum exists.
Figure [VI-9] is a contour map of the energy, (ytg), for A=2.4,

g=0.0 (j-j coupling limit). The map shows that three minima exist

and that they are equivalent. The minimum in Figure [VI-7] corresponds

to eTz and the saddle point corresponds to sz. Figure [VI-10] is a

contour map of the energy, (y+g), for A=2.4, g=0.4. Under these

conditions, two kinds of minima TZ and X are present. Only for inter-

mediate values of the coupling constant will this situation exist.

It should be noted that the X minima are deeper than the T: minimum.
keported values for G, £ and b2 [33,96,97] indicate that for
KBr:Tl+, A=2.4 and g=0.4. Thus, Figure [VI-10] represents the system
under discussion. Although the qualitative features of the adiabatic
potential energy surfaces are the same over a moderate range of A and
g, the quantitative features are very sensitive to a particular choice
of these parameters. In particular, the relative depths of the X and

T: minima are altered greatly for small changes in the parameteré.

The minimum energy required to escape from T: into X is 0.31%
(0.19 eV). This corresponds to a vibrational quantum number, 8, of
~30. The reverse process requires an energy of 0.59 eV or a value for

B of ~96. The average vibrational quantum number can be calculated from

B = (explhv/kr] - 1) [VI-37]
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FIGURE [VI-9]
+
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FIGURE [VI-10]

EMISSION KBr:Tl+

A-BAND EXCITATION

CONTOUR PLOT

ADTABATIC POTENTIAL ENERGY SURFACE
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Using a frequency value of 1.5 x 10 !2 sec ', B=0.31 at 50 K. Consequently
any electron which is in either T: or X will remain there at low temp-
eratures. As the temperature increases, the probability that an electron
will acquire enough energy to overcome the barrier between the wells
increases. At some temperature, a significant number of electrons will
escape from T: and be captured by X. Because the energy barrier for
the reverse process is very much higher, the electrons will remain there.
Consequently, the intensity of emission from the T: minimum, AT’ will
decrease and that from the X minima, AX’ will increase rapidly near this
temperature. At higher temperatures, a thermal equilibrium will be
established between the two wells. Since electrons will now move more
readily between the two wells, the intensity of the AX emission must
decrease and that of the AT increase. This is just the pattern which
is observed experimentally. For electrons initially in the X minima,
once they have gained sufficient energy to escape from the well, they
will establish thermal equilibrium resulting in a gradual increase in
the AT emission and a gradual decrease in the AX emission. Since at low
temperatures the high energy emission band dominates, the electrons must
be localized in either the T: minimum or the X minima. The temperature
dependence of the relative intensity of the two emission bands suggests
that the high energy emission is associated with a transition from the
T: minimum and that the initial relaxation of the excited state is into
this well.

The contour map, Figure [VI-10], shows the regions in which the
potential wells are parabolic. The T: and X wells are harmonic to
~0.12 eV and ~0.19 eV above their respective minima. The average energy

of an electron at room temperature was calculated to be 0.025 eV. The
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frequency of the ground state, va, obtained from the temperature

dependence of AEsplitting was 2.19 X 10"'% sec”'. This is almost the
same as the frequency derived for the high energy emission from the
temperature dependence of Hobs at low temperatures and reasonably
close to those derived for both the high and low energy emission bands
over the whole range of temperatures. Also the Huang-Rhys factor was
calculated to be ~90. Consequently the quantum mechanical theory of
the line shape in linear coupling can be expected to hold for the
emission. Specifically, the line shapes should be accurafely gaussian
at high temperatures and almost gaussian at low temperatures. This
was observed to a good approximation.

Qualitatively, the emission can be adequately explained by the
existence of two different types of minima on the adiabatic poteantial

energy surface of the excited state of the A-band. A more quantitative

description would require 2 detailed study of life-times.



CHAPTER VII
SUMMARY

The optical absorption and emission of the A-band of single crystal
potassium bromide containing thallous ion impurity was studied in the
temperature range 15 K - 206 K. This absorption is ascribed to the

spin orbit allowed transition 'S (1A ) > 3p (3T ).
o' 1g 1° 1u

Crystals were prepared from reagent grade potassium bromide which
was further purified by extraction of an aqueous solution with a
solution of 8-hydroxyquinoline (oxine) in chloroform and subsequent
recrystallization. The impurity ion (0.03 mole % Tl+) was added either
before or after the treatment of the KBr melt with HBr and Brz. The
first method resulted in a much lower concentration of ‘1‘1+ in the fimal
crystal. The crystals were grown in an atmosphere of N, and HBr by
slowly lowering the melt through a sharp temperature gradient. Samples
of suitable dimensions were cleaved from the resulting single crystal.

The samples were mounted in variable temperature cryostats which
could be used with either liquid nitrogen or liquid helium as refrigerant.
The temperatures were measured with a gold/0.03 atomic % iromn vs. chromel
thermocouple. By suitably balancing the cooling supplied by the
refrigerant against the continuous heat from a heater wound on the
controlled temperature block the temperature could be maintained comnstaant

to within +0.6 K. The cryostats could be used for either absorption or

emission measurements.

190
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The absorption measurements were made using a Cary model 14R
spectrophotometer in double beam mode. The measured values of optical
density were automatically recorded as a function of wavelength on a
strip chart recorder.

The spectrophotometer was modified so that the emission excited
by a given wavelength could be analyzed using the Cary double mono-
chromator. The emission intensities were recorded as before. The
measured values were corrected for the spectral sensitivity of the
optical system.

Before any systematic investigation of the absorption and emission
band shapes was undertaken, the raw experimental datawere corrected
for any background and experimental line shapes were calculated by
dividing the optical density values for absorption by their corresponding
photon energies and by dividing the measured intensities of emission by
the cube of the photon energies.

The absorption line shape was analyzed as either a gaussian or a
log normal (asymmetric gaussian) distribution at each temperature.

The best empirical fit to the experimental data was found to be given

by the sum of two asymmetric gaussian bands. The temperature dependences
of the parameters were investigated in terms of the predictions of the
configuration coordinate model. It was concluded that the absorption
could not be interpreted on the basis of this model. The effect of

the Jahn-Teller interaction between the ng vibrational modes of the
lattice and the excited state of the A-band was investigated. It was
found that many of the features of the A-band absorption could be
explained using this model. In particular, the existence of two

component bands and their temperature sensitive asymmetry was predicted.
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Also, the good agreement of the temperature dependence of the energy
separation of the two components with the theoretical prediction
supports this interpretation.

The emission produced by excitation in the A-absorption band was
characterized by two symmetric gaussian bands. The results were
explained on the basis of a Jahn-Teller interaction between the Eg
vibrational modes of the 1attice and the excited state of the A-band.
For intermediate values of the spin orbit coupling constant, the model
predicts that two different kinds of minima are present omn the adiabatic
potential energy surface. Thus the temperature dependence of the relative
intensities of the two major experimentally observed bands could be

explained.
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