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ABSTRACT

An automated experimeﬁtal system was constructed
whereby the excitation and emission spectra of solid luminescent
materials may be examined at temperatures between 71°K., and
290°K, The spectral response of the system was determined,
and provision made to use a computer to correct luminescent
data.

By reference to the absorption spectra of NaI(Tl), thne
principal excitation and emission bands are associzated with
the T1¥ monomer and (Tl+)2 dimer centres. The A excitation
‘band was found to be not singlet as previously thought, but
- doublet, with one component attributed to the monomer centre
and the other possibly to a monomer centre perturbed by a
;neighbouring centre., The main emission peak of NaI(Tl) at
2.88 eV (4300 4) contalins in addition to the previously reported
monomeyr and cij_me:ﬁbamds9 another band which may be associated
with the perturbed monomer centre. An emission band at 3.31
eV (3750 A) and its associated excitation band at 4,56 eV
(2720 A) was found to be unrelated to either of the thallous
ion centres, or to a stoichiomebtric excess of iodine as
suggested previously. |

The Configurational Coordinate Modél was used to
determine approximate values for the vibrational frequencies
of the ground and excited 3% states of the thallous ion.

The efficiency of luminescence of the dimer centre was

S A G N b 58 AT e ek 1 S .
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found to he about 100 times that of the monomer centre., A

new group of "alloyed dimer” luminescent materials is proposed

onn the basis of the above observation.
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{&) Trtroduction

& consistent gquantum mechanical treatment of the

@®

interaction between material particles and an electromagnetic
Tield requires as its basis the determination of the guantum
equation of motion of each particle in the field. These

.

eguations would be analogous to Maxwell's lguations, which
characterize the classical theory. The complexity of the
treatment 1s commonly reduced by approximating the real

interaction by one between & varticle interacting quantum

rechanically with a classical electromagnetic field. Such

~an approximation is justified (¥Wessiszh, 1966) when the totsl

enerzy transfer between the varticles and the radiation field
ig 80 large compared to the ahsorbed or emitted photbn energy
that the discontinuous nature of the‘transfer can be ignored.
Equivalently, the approximation is valid for high absorption

or emission intensities at low freguencies and is particularly

suited to problems involving a particle in a static electro-

marnetic field, or one of known time devendence, :
In particuliar, for an electron intéracting with an
incident radiation Tield, the Schrddinger wave equation

describing the motion of the electron is, with conventicnal

notation: -

G T B R B e

e A it 23R
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w Q¥ _ | -n? V2+ﬁA.grad+_i_e_ﬁ{div A} +e2 A2 +e¢p L V)| V¥ i

at 2m mc 2mc ) 2mc2

whére vir) is the interaction potential befween'the electroﬁ
and its local environment: A and ¢ représent the wvector and
scalar potentials describing thé electromagnetic field.,
| ;The time dependent eiectrdn wavefunction ¢t} may be
expanded in terms of a linear combination of a'complefe set
of orthonormal eigenfunctions {un} belonging to the set of
eigenvalues {en} ., setting
0 :ZunmuneiE“t/h R | o2
. n. : X .
Where {un} represents ahset of coefficienfs or-amplitudes.

'By using time dependent perturbation theory, the set of

coefficients {an} may be determined, yielding:- B §

oo ] (W = WH=1 (g Fw pt-]
R P I LY R

- . m
_ime {“"km—w } _ {""km + w }

where C, are matrix elements of the gradient operator défined

. L4

'by=—

e tRL A,V

Cm = (Uk

Cim = (uk TR ALY

and

Wem = :{Ek - Em}/ﬁ
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w ig the angular freguency of the incident radistion

Tield, A, Lthe nolarization vector, and the provagation
s o ; 2

msition Frobahility

The probability of a transition from state m Lo state

k - (m—k) within the time t+ 1s:

2
a ., (1)

Fquation I.3 the transition orobability is

T

and Trom
sopreciable only when the denominatocr of either of the terms
avoroaches zero. If E>E,, large transition orobabilities
ocour-on;y when qgran+hmo The first texrm Qf Foguation T.3
may then be interpreted as an absorption of one guantum of

~_

,uefgygﬁwkm, from the radiation

th

ield. Similarly the downmward
transition k—»m 1s associasted with the induced emission of
cne guantum whose freguency corresnonds to that of the
monochronatic radiation field.,

Because of itTs energy dependernce, the transition

probability 1s 1ndeoendeac of time only if the final state

involved in the Ltransition is one of 2 continuously distributed

or very closely spaced group (Schiff, 1955). However, -

transitions between discrete states are of importance to

ontical studies and computation of the associated transition
srobanility is desirable. Por such cases, 1f the incident

radiation is stric u]J monoc%romatlc, the transition probabiliity
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per unit-time is not constant but depends markedly'upon the

difference between w and w . In order to develop the theory»

fﬁrther the assumption is made that the incident radiation
é- fiéldzcovers a range bf frequencies, as in practice it
7 usﬁally does, and that there may be assoéiated with the field
an intensity per unit frequenoy:range that is constant in the
neighbourhood ofﬁm (Heitler, 1954),

If "the 1nten31ty in the small angular frequency range | %’
'Aw 1s H@]Aw, then the probability of a transition that

leaves the electron in a higher energy state isy from B - %

Equation I.4 := . : ‘ ' %

35

w

+12| . ‘il"’km_"u }' 1

km

C

ap(t) |

{uth v } ;
" The above summation may be replaced by an 1ntegra1 (Schiff,

% 1955), and the probability per unit time (w&m) for both §

’absorptive and emissive transitions may then be written as:-

m) | ' 1.6

where grad, 1s the component of the gradient operator along

[

- .wkr.n = _é‘rre— I[wkm] (Uk ) gradA

2cwk2

~the polarization vector Ay

(Cc) Electric Dipole Tran31tions

A further approximatlon in Equation T.6 is possible

fof iOGallzed atoms or centres interacting with ultraviolet
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or longer wavelength radiation. Such a localized centre

has a linear dimension of only a few Angstrom units so
that the termefeﬁgmay be approximated by unity. Thus
the exponential may be. expanded as a power series, resulting

in the reduction of Equation I.6 to :-

47 2e? 2 | : '
ka = 3'hc I[wkm] Irkml V |7
where r . is the mean component of the barticle electric
dipole moment’ in the direction of polarization,

The "Einstein B Coefficient"” (Schiff, 1955) for
induced absorption or emission is the transition probability

Per unit time;per unit energy density, whilst the spontaneous

‘emission probability, 1/r , usually called the "Einstein A

Coefficient", is givenhbeiow.
/ ) 3
(_1_) - Aezwkm lrkm
T km 33

Aésuming, as before, that tfansitions occur -to one of a

continuous or closely spaced set of states, the spontaneocus

: emiésion probability may be written as a funetion of energy

in the form:~

: . P2 o
w . [E] = (%) Feo[E] = zeszsm,lrkm!.- re €] Lo

wicd .

'/ where ka[t] 18 a narrow function of energy normalized so that

2 ' 7 s




{D) Abvsorwtion Cross Section

The absorption cross se tion(?%) for a given trans:
m

is delined as the enerry absorbed ver unit time for an

neident en

[

rgy flux corresponding -to one photon per unit
volure, Thus the total cross section integrated over the

absorotion line width follows from fguation I.7 and i1s:-

‘ 4?r2e2. ;
Z: = Wim

m-k 3c

km

and the absorption coeffi CleQL{ mk[])aL a Dartlculur energy
E 1

18-

omk[E] :Fak[E]Z | Mce e e | Frnie £

m-sk

‘where F: . [E] 1s the absorption line shape function normelized

() Bmffect of the FHost Material on the Tuminescent: Centre

‘The optical properties of solid luminescent materia

_,_
[ g

is

are characteristic not of isclated atomic systems, as treate

in the previous section, but of centres embedded within a

dielectric medium, The presence of the host materisl

Lio”

101
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easitetes certain tTheoreticael modifications, which ta¥e z

Al L

form when the following conditions prevail:-

a) The concentration of luminescent centres within the

1430

H

hoet ie sufficiently low that interactions between the centres
may pe neglected.

©) The transitions within the centre occur at energies
Tar rémoved from those ait which transitions occur within the
host crvetal. That is, the cenire does not resonabe with the
latiice.,

In general the modifications imposed upon the energy

levels and wavefunctionsg of the isolated centre are détermined
by the structure and material of the host. However, ILax

(1952) has shown that within the above approximations, the

host dielectric medium may be characterized by its refractive
index, effective field at the centre, and effective mass for
charge carriers. Following his treatment, the effect of the

host upon the oovotical properties of the luminescent centre

may be represented by additional factors in the expressions

o

for the absorption coefficient and the spontaneous emission

)

¥

rrobanility. Eguations 1.9 and 1.12 then become:-

-
: 2
€ 4e? 3 2 _e
w E ={{ leln E r F E [.14
I (R R N A |
and -
o [E] = Ee 2}‘ 47"232 E r 2FG [E] 1.15
S v o e e |
0 C
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Sleld Induceing the trangition, €o

o)
5
0]
[0
(0]
o
[0
o
3
[0
o
=
i
f'?:;
o
cr
ot
1
|
)

verage field in the dielectric medium, and n the rTeal
vert of the refractive index {(Brillouin, 19325,

These eguations, then, bozether with the electronic

wavefunctions and energy levels, define the optical processes

ristic of a luminescent centre surrounded by a

o
Y
o
.y
@]
<
®

dielectric medium. Their uvtilization to compute the
exoerimentally observed optical phenomena, such as band
wositions, shapes and intensities, ﬁemperatufe and pressure
devendencies, etc,, of a particular material, reguires the
adepticn of further apovroximations suited to the materizl in

question. The following chapter will review this topic in.

i
T
H
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Sos I3y TT oy v e 5 Ay oty 107
{A) The Harhree-Fock Aoproximation

In mest atomic systems, and almost invariazbly in s

ol
state nhysics, it is necessary to approximate the wavefunchi

Uiy Q---m) describing a state involving many electrons by

h

e product wavefunction of the form ¢1 ) Q) ¢n0@

Fal

tl coordinates of onlyv ors

o
[®
o]
3
g
3
0]

where wivd,is dependent
ejectron, The Pauli exclusion principle is viclated in the
lartree simplification, but this mey be corrected by the use

of the antisymmetric Slater-Fock determinant:-

R e (T
u O] an) = Eﬂﬂ ;(} :(J I

es both spin and space
components, The one electron approximation 1s discussed in

detail by Beitz (1955),

The rigid or static lattice model assumes that the
optical phenomena characteristic of the isclated impurity
centres result from transitions hetween the enerszy levels of

electrons in a fixed potential field generated by the rigid

igsttice. Knowing the Tixed Docenvlal, the electronic

€

8¢

.

H
H
i
H
H
i
H
H

;
I
K
i
;




other

function invo

wavelunctions and enerey levels may be computed,; toget
with the matrix elements leading to Fguations T.14 ang
fmus an almost comblete descrintion of the ontical pro
can be obftalined, vrovided realistic values of the effe
Tield ratio (Dexter, 1956; Dexter, 1958a: ¥eClure, 195
Herzield, 1961), refractive index (Dexter, 1656a), and
effective mass (Lax, 1956; Dexter et al,, 1956) are av

In the previous section, the

.:‘.J‘} C C
Wwith no consideration being

lattice, Such an omis

. Ly,

and

b.'.

of

sion is cles

1ves the electron coordinates

lattice coordinates

impurity centre

riyv unrealistic;

her
T.1
ceqs
ctiv
93
aila

wWave-

the Schridinger equation for 2 system whose

(X) is too difrfi

hut on

tions were dependent upon the electron coordinstes (Q ;

glven to the coordinastes of the

t

N
ne

wave-

cult

usually short compared with the period
Tnus there exist stationary electronic states,

the many electron wavefunction8¢qq

that

{r) and possibly

4%0 solve. The development of the Tfollowing approximations
paved the way for further theoretical asdvance.
(1) The Rorn-Oncernheimer or Adjiabatic Aporoximation
The Born~Cppenheimer approximation (Born and
Coperneimer, 1927; Seitz, 1940; G Goldbersg, 1966) has its bas
in the fact that the period of orbital electronic moticn is

described by

are functions only

E

S1S

of lattice vibrations.

DR ———
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of tne electronic coordinates (ﬂ , and these states will he

/3

smoothly or adlabatically deformed by the displascements of

ne nucleil from their eguilibrium vositions. Thus the total

<t

wavelunction Uk(ﬂﬂ mey be written as a product function in

LR L e o
Lhne igrms -

U (X)) = o, () Hﬁb(x) ' | 1.2

5

wnere the electronic wavefurction ¢p) is parametrically

denendent on the instentanecous positions (x) of the nuclei,

The nuclear wavefunction H(X)depends varsmetrically on the

electronic state (@ s but not on the positions of the electrons.

The guantum numbers labelling the electronic and nuclear

6 2

The adiabatic approximation would apvear to be valid

jol}

states are respectively b an

orovided:~

s

However, Herring (1956) gives a somewhat more precise

fiw AX
Eb— ECl (AX)

< 1 1.4

where AX is the lattice vibrational amplitude, and h&xy

~the nuclear displacement necessary to produce a significant

change in the electronic wavefunction, Cnn the basis of this

e —
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19588, Goldbers, 1966) for most inorsanic semiconductors
and localized impurity centres, wherein the electronic
states Tor visible and ultraviclet transitions are not too

Tion

w©

~closely spaced. The violation of this aPPToxim:

r

pProbability of non-radiative trangitions.

ne fransitions involved in the basic mouations T.14

and T.15 may now be re-examined and divided into the é
following categories:

(a) Transitions involving the nuclear wavefunctions
“only are not of interest here since they exclude the E
impurlity centre, | . 7 3

{b} Transitions that involve only the electronic
wavefunctions occur mainly in organic and rare earth materizls,
and will not be discussed Further,

(¢) Transitiong in which both the nuclear and the

electronic wavefunctions change are of principal concern here

0

ince they occur in the alkali halides.

n this more general case, each given electronic

03

transition (ae=b) will have an associated vibrational spectrum

Iinvolving transitions =B} Dbetween pairs of vibrational

states, each line within the vibrational spectrum naving =a

Lorentzisn distribution (Dexter, 1956a), The basic

Egvations I.14 and 7.15 are still valid, but with the quantum



and nuclear staetes, In an absorptive transition between two

eleccronic states at abscliute zero, 2 sum must be verformed

PR

-
e

Llevels associated with the excited

2

over the vibrational
electronic state, At elevated temperatures, in addition to
vibrational states, an

trhe summatition over the fins

-

average must be performed over the

=

nriate therma

povuiation of vibrational levels in the initisl electronic

The basic low temperature Fquations 7,14 and T.15 are

thus modified, and using Av, and Av, to denote statistical

B

averases over the initially occcuvied vibrational s

-

ates, become:-

¢

2

e\t | 422 i
oap [E] = Sl E Ay [Fabag 1.5
>/ ¢ Loz

rabaﬁ ’ FSba:ﬁ [E]

and
<\ 2 oy 3 12
w [E]= j{fe),|Le Avﬁjz g, rb Fe [£] 1.6
&g 3h4c3 ] Ba, Op’a Gﬁa - .
where the matrix element %baﬁ is defined ag:-

rabaﬁ = ff H:Q,{X)d)jx'(r) l ri ﬁﬁb(x)qsbx (") dXdr iz

Normally the many vibrational lines underlying an
electronic transition are unresclved, resultihg in the broad
absorotion aﬂd emission spectra characteristic of luminescence
from impurity centres. In such cases the shape functions

Fe and S mey be replaced by the delta functions:-
_ cbaﬁ ! baﬁa * . : )

a{EbB_Eaa— E}
It 1s, however, sometimes possible to observe the vibtrational
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Dhnenomenon will be ngidered later.

(2) The Condon Approximation

{Ising the Born approximation, the dipole matrix

("‘?

element of Iquation II.7 may be rewritten in the form:-
N .
r - . 4 W
abaﬁ = fﬂ da()\) ﬁbB(A) rab(x) d X
wnere

fab j—%x N ox(r)dr

he elecitronic wavefunctions ¢QXU). depend parametrically

anon the nuclear coordinates and result in the matrix

element 'adx) being a function of X+ 'The Condon aporoximabior

nores thnis dependence or in a refined apgroximation
substitutes an appropriate asverage over the nuclear
coordinates., This result can also be obtelned from the

vy

Forn-0Oopenheimer approximation, if at Kguation IT.2 the

Eal

psarametric dependence of the electronic wavefunction upon
the nuclear coordinates 1s neglected.
Thus the sguare of the dipole matrix elements for

absorotlion and emission become:-

T )
rcbaB - <,rabi2> Av {H bg(X)dX

rbcz@“l - <irb0|2> A gn* (X) Eaa (X)dx

In general the Cond on average for an absovbtwve transition

N

will differ from that for an emissive one, since different

1.8

iLe

.10

In

e T




its almost. universal practical use, the

Condon approximation has suifered 1 ttle scrutiny. Dexter
(1984), however, calculated that for a well localized
centre,; the Condon aoorox;mathn depresgses the low energy

Yal

ide relative to the high energy side of the emission band,
orobably by something less than ten percent. and vice versa

che absorption band.

(D) Comparison of the Rimid and Vibrating Lattice ¥odels

The previous discugsion has emphasized and pernaps lent

more credibility to the adisbatic aporoximation at the

C“S
#3]

nalide field proliferates this bias to the extent of regaxr
the adiabatic approximation as "exact™ or at least superior

to the static (Lax, 1956)., With the exception of a bock by

Born snd Mueng (1954) there apvears little to justify this
apparent surveriority, especially in view of papers by

L} which indicate that the

)-3:"
[
)
3
w
[0}
]._I
T
)
\sD
ae
S
0
o
¥
jwl
I
g
o
{
=3
_——
}...\
O
Ui
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&

adiabatic approach is merely an alternate approximation, not
necessarily superior. Markhan (1956) compared the two
approximations Ly meaﬁé of the variational principle, and
concluded»that the étatic approach overestimétes the potentialr
energy gnd underestimates the kinetic enefgy associated with
.the lattice, whilst the adiabatic approximation does exactly

the opposite,

A o e e



CHAPTER III

THE THEORY OF IDEALIZED CENTRES

| Returning to a central theme of the theoretical
discussion, the prediction of the experimentally obserﬁed
absorption and emission bandﬁshapes is characterized vy
Equations II.5 and II.6, which both involve the shape
factors F . BEven if the approximations of the previous
chapter are made, the band shape calculation is still such
a formidable task that once more recourse has to be made to
& specific simplified model of the iuminescent centre., The
"diffuse” and "well localized" models are involved, resulting

in the following treatments:

(£) The Harmonic or Linear Approximation

The linear approximation, usually used in conjunction
with the diffuse model, assumes that eleétron wavefunctions
and energy levels of the centre in =z static undeformed lattice
are available (Wannier, 1937) for use in = perturbation
6alculation, In order to use a perturbation technique, a
weakX interaction between the centre and the lattice ions is
- mandatory, and the harmonic approximation requires that the
interaction energy be linear in the d;splacements of the ions
-from their equilibrium positions. The development of this
model by Huang and Rhys (1950), Lax (1952), O'Rourke (1953)
‘and Pekar (1953) is outlined below;
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In the staﬁic épproximation, the lattice may be
regarded as a set of N independent harmonic oscillators all
of the sane frequencyo> The syster may tTthen be characterized

in suitable units by a Hamiltonian of the form:i-

N .
% V2 2 v 2
HOP - .lé)‘ [Xj + {ug®} X;] 111
2 Lo
with harmonic wavefunctions:-
b

¢GJ(XI) a.ncf oS i (Xi)

Tor which the energy levels ares-

B¢z fof +1, 10w and e AL

with « and & denotiﬁg the ground and excited electronic

states4respectivelye In general the wavefunctions of the

vibrational states can be expanded in terms of ﬁhe Born-

Oppenheimer approximation according to the previous chapter.
The interaction Hamiltonian, dictated by the lineaxr

approximation, becomessi-

X _ N _
e 122 e
Ho ooz {ﬁ?-. ISLY | 1.2
y =] .
where A; 1s the coupling constant between the centre and the
lattice for the electronic transition a—b
By making the following linear transformation upcon the
normal lattice coordinates .xj the system may be reduced

once again to a set of oscillators.

ab -2

Xy — Xj-;%ir{w?b} Aj .3
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Then the total Hamiltonian becomes:-

N

(H + .Aff) = %Z[{X?b}2+{wib}2{xj°b}z - %{m?b}_zzxf] .4

j=1 '
and the right hand term, being independent of the nuclear

coordinates, represents a relative shift in the energy

levels resulting from the interaction., Thus the electronic

transition energy becomes:-

5 : / -2 2
: Fab = Eqp ~ 1 % {w"-b} A : .5
. ) 2N Lo L) o

Wit

T‘lmbu - Eb - E

<
Recalling Equations II.5 and II.6, the absorption coefficient

and spontaneous emission probability are given by:-

2 3 . _— :
te V7| 4722 z 2 _a
a E - —_— — AV E r- F E
ab[.] <Eo> T ane e | Reg]| ebog hag (F)
and
2 ] ) 2 N
e de % 2 _e
wLolEl = ~— in Av E F E
bc[ :l ’ ( 60) 3?14-C3 QZ;amj bﬂg‘“ ’rbdga bqg d( )

Certain terms within these equations may now be simplified
Turther by»application of previously discussed approximations,
and the limitations of the present model.

(1) The Condon approximation is invoked to éverage over

the vibrational states, replacing elements of the form:-
2

erZ:a(X) HbB(X)dX‘ .6

2

by < >AV

%baﬁ Tab
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eccording to Equations II1.10 and II.1l. In addition, the

energy terms of Equations II.5 and II.6,

Eabaﬁl and lEbaﬁa -
are replaced by suitable averagés, <[me> and <<kbak> ’
assuning that the variation of £ over the absorption and
emission bands is small compared Wiﬁﬁ the average value.

This, the so-called "narrow band approximation", is clearly
not a good approximation, but is reasonable in view of the
iack of a functional dependence between lp| @and the nuclear
coordinates,

| (2) The shape functions Ff°(f) and F°(g) are replaced

by Dirac delta functions expressed in the integral represent-

ation of Lax (1952):~

Fle) = sfe —E, E [ Q{E%_qm_'E}
£ = —E, - - dt NI
{bﬁ ag } QWHJ{‘G ' :
-0

where{qu—-Eda}', detérmined from the oscillator energy

levels, isi

: ' N
—_ b1 5 D G 41 a
{Ebﬁ : Em} = Pu +§ [{nJ +/2}'hu.=j - {nj +/2}T1:.uj:l 1.8
' j=1

In general Egp > tuw, > E

b and the difference between Egp

and ELq is commonly called the Stokes® shift.

Thus substitution of III.6, III.7, and III.8 into IIl.5

and II.6 gives:-

, .
2.2 ]
[ ] 47 e 2 ~ i
o, [E| = [ tel L . | .9 :
Gb[] ) <fo> o e EEE VRS L IﬂbLE] |
and 3 7 :
[E} e 4o 2 3
L w O N A I I B ' .10
[ (s <o
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where &m and}ﬁc are the normalized absorption and emission

band shapes given by:-

s ) TN - it _E —E 2 §
IMJ}]: ;thé%%{iffeﬁi } gﬂ é () a X BETRT §
and )
| .:%2

i1.12

The major shape dependence results from the square of the
vibrational overlap integral, which may be evaluated explicitly
since each v1orat¢ona1 wavefunction is a product of the

ha‘monic oscillator wavefunctions:-

11.13
N
L N——
Haa(x) = ng? d)jda (XJ>
where « defines the quantum state of the j-th oscillator mode. ' ;ﬁ
The band shapes, given in Egquations ITI.11 and III.i2,
-have been evaluated (O°'Rourke, 1953) and may be expressed in
the forms-
N
fp{ o —w]e _ii[\:i- fub-uf Jeothifu /2kT]
%b&]= ! ﬂ e o 2 =1 :
27hH ’ :
-0
Hi.14
N
. AP
vfgﬂjﬁf Awbz‘MA “} ]
x;’e | T N {Cofh‘gﬁwjb +Coih% *ﬁwj/kT + iw?f)} »df
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together with a similar eguation for the emission band shape,
By assuning that the vibrational wavefunctions have identical
Torm in both the excited and ground states, (i.e, w?=’w?=5: E
constant), Huang and Bhys (1950) and Pekar (1953) were able 2
~to simplify Equation III.i4 further and express the absorption

o g

coefiicient of Equation III.9 in the form:-

2 \l o
' 2,2 2 /2
el = Hee) 1] 4re 1 1
‘T[h‘“ba hap] = (—;i) ;j 3o <[fap| 2y <[Eabli :—:F—t—*—;]

f-sl2<n>+ 1} TN
Xe . .

£=-o

s{e-p} Ip{2s[<n>(<n> +T)]T/2} 1L15

where p is an integer and I, the p=-th modified Bessel function

of the lst kind. <n> 18 the mean number of vibrafional

guanta in each oscillator at g temperature 1 ,

S 1s the mean number of vibrationsl quanta emitted or

ebsorbed in the electronic transition, and is given Dyt - |

(A%— APy2
B 3

s = _I
2



If each delta function of Equation III.15 is
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effectively "snmeared out” over a range of energies, then the

resultant continuous function is approximately Gaussian in

energy (Lax, 1952)a The predicted peak positions of the

absorption and emission bands are independent of temperature,

having the form:-

©
Eab A Ecb(qu) =- 'hmbu + Sh@.

.16

The predicted mean square widths of both bands are the same,

namely

2

_ 2
<[E - E(mux)] 3,

{pa} s {2<n>+ 1}

{53} s Cothfnm /247}

Wz

Thus at low temperatures the band width is constant thumfs).

and at high temperatures varies as\fF °

Using wavefunctions calculated by Simpson (1949),

Huang and Rhys (1950) found that for an F-centre in KBr, S

nas the vélue 3.6, The upper limit fors ¢ Corresponding to

extreme localization of the ground state and diffusion of the

excited state, was also calculated and found to be 55. The

best available experimental value against‘which to check the

R LA
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theory is 22,4 (Dexter, 1956a). The low theoretical ’
estimation of § indicates that_the long range interaction

4

agsumed by Huang and Bhys is inadeqguate, and that the local

effects of the nearest ngighéours of the F-centre are
probably abpreciableo The Tollowing experimental evidence
supports this suggestion:=

(a) The peak position of the F-band shifts with
temperature (Pohl, 1937; Russell and Klick, 1956).,

(b) The widths of the absorption and emission bands are
unequal {(Botden et als, 195h),

'Furtherg a theoretical treatment (Dexter, 1956) shows
that nmost of the charge distfibution of the F-centre ground
State; and roughly half that of the excited state, lies
within one interionie radius of the centre. For such & well-
localized distfibution9 a "particle in a box" model (Ivey,
1947 Jacobs, 1954) would be more appropriate,

Pekar (1953) performed an F-centre calculation
similar to that of Huang and Rhys and obtained gomewhat
better agreement with experiment, In addition to deriving
for s the value of 26, he predicted the péak position of the

emission band with fair accuracy,.

'(B) The Tight Binding Apvroximation
The essential concept of the tight binding model is
that of a well-localized centre in which the associated

electronic states are confined to the Immediate vicinity of
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he centre, and are influenced only by the nearest nelighbour
ionse.

If the physical properties o the substitutional
impurity differ appreciably from vthose of the host lon which
" the inpurity replaces, then the vibrational freguencies and
eguiliibrium positions of the nearest neighbour ions will be
modified and will depend upon the electronic state of the
centre. In fact, Bjork (1957) has shown that if the centre
creates new vibrational modes, then all otheérs intrinsic‘to
the host are exeluded from the region, and thus the bulk
_ vivbrational spectrum may be iénoredo

Von Hip?el (1936) and Seitz (1939) proposed a localized
model that has since bécome known as the."Configurational
Coordinate Model", The tightly bound impurity is_considered
to interact predominantly with the six nearest neighbours of
the face centred cubic structﬁreg giving rise to eighteen
" degreeg of freedom or "confilguration coordinates®. To a
first approximation, transverse motion of the surrounding
ione does not alter the distance to the impurity ion, so
that motion in the six radial directions relative to the
impurity will have the greatest effect on the potential energy
of the centre., The most important oscillatory mode will be
the “bresthing mode", or in phase radigl motion of the
nearest neighbour iaons, HenéeB many centres may be

approximated by one important confliguration coordinate or
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rode of vibration, possidly with several others of minor
significance, Lax (1952) has shown that in certzain cases a
one-coordinate model may be used to describe a physically
more complex centré, provided that the configuration
coordinate 1is not directly associated with any single mode of
vibration of the centre,

Since the potential energy of the centre varies
quadratically with small displacenents of the nearest
neighbﬁur ions from their equilibriuvm positions, the centre
nay be regarded asg anvharmonic cscillator with the usual
wavefunctions and vibrétional energy levels. The mininma of
different energy surfaces in configuration Space cecur =zt
different values of the coordinates, since the equilibrium
positions of the surrounding ions differ for each electronic

state in question. Moreover, in ionic crystals one can

' predict, at least qualitatively, the relative rositions of

the ground and excited state minima, For a transition from
the ground to a higher state in 2 localized positive centre,

the charge distribution is effectively expanded, resulting in

an increased attraction between the impurity and its

- surrounding ions, Thus the mininpum of the excited state

energy surface is at a smaller configuration coordinate
value than is the ground state. ' The converse holds for s

negative impurity centre, of which the F-centre is an example,

' The experimental results of Jacobs (195%), Russell and

.
e T e N
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Klick (1956) and the theory of Williams (1951), support the
gualitative argument above, Also, since the charge distri-
bution is more diffusé for the excited than for the ground
staete, the curvature of the excited state energy surface is

expected to be smaller than that of the gfound state., The
F-centre date of Russell and Klick (1956) and of Klieck et al,
(1964) agree with this suggestion, whilst the data of Luty and
Gebhardt (1962) disagree.

As a pedagogical tool, consider a bhysical system re-
presented by one configuration cbordinate and two electron states.
 For more than\one codfdin&teg one may visualize a cross section
of the energy surfaces, with all except one coordinate fixed.

With reference to Figure III.1, at low temperatures

e i,
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the centre will be in a vibrational level close to the zero
voint (A4) of the ground electrénic energy surface (Curve a),
According to the Born-Oppenheimer approximation, in the

event of absorption a vertical transition will occur to sone

nt (B) on the excited electronic enexrgy curve, Since the

'
Js

o
high vibrational state reached is inconsistent with the low
temperature of the chstalg the 'centre will oscillate
rapidly, creave lattice phonong, and decay in 10-10 to 10-11
seconds to the zero point region (C) of thé excited state
energy curve (Curve b), AL a later tinme (epproximately
108 seconds), photon emission will occur from (c), leaving
the centre in some high vibrational level (D) of the ground
electronic state. Again energy will be transferred to the
lattice by means of phonon creation, and the centre decays
to the zero point region (A). The Stokes® Shift, as
mentioned earlier, is the difference in the energies of
absorption (AB) and emission (CD).

Using the current model, it is now possﬁble to retrace
parts of the theoretical discussion, making certain
approximations in order to simplify the expressions for the
absorption and emission band shapes (Equations IT.5 and II.6).

To recaplitulate, the matrix elements r and

abag rbqga
were ?eblaced by suitable averages as discussed in connection
with the Condon approximation {Chapter II), and the

transition energies Eabaﬁ and EdeQ » under the narrow band
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approximation, were replaced by mean values, Now, since in
inorganic phosphors-transitions between individual vibrational
levels are not generally seen under the envélope of the
electronic transition, boith Lorentzian snape functions

: P e ,_ \ ] 3 4 da [
cgaﬁ[] and FM$QEJM&Y be replaced by the delta function:

6{§w~ Eag™ E}
Using these approximations Equations III.9 and III.10 were

derived, with the normalized absotptiOﬁ and emission band

shapes given by:~

! 2
Ic'b - AVQZEQH:Q(X) Hbﬂ(X)dX BgEb— EGQ-"E} 1118
I ' '
and
. - ’ |
LR W ‘
Iba = A\:5)>; _Enb;?(/() II a(l()d/\ 5{Ebﬁ— Eod E} . 19

Apart from the diffefent representation of the delta
function, the-above equations are functionally the same as
ITI.11 and III.12 pertaining to the linear approximation,
The difference is that the vibrational matrix elements are

computed using different nuclear wavefunctions,

(C) The Franck-Condon Principle

-3

fne Franck-Condon Princlple, by means of which

Equations III.i8 and ITI.19 can be greatly simplified, assunmes
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that during an electronie tranéition each vibrational mode
eithei changes by many guanta, or doesg not change at all,

If the vibrational modes of the ground snd excited
electronic states are described by the wavefunctions{agcx)}
- and {Q%(X)} respectively, then at low temperatures the most
important mode of the ground electronic state is that for
which =0 » The important modes of the excited electronic
level are those for which g>1 . The band shapes are then
deternined by the square of matrix elements of the form:-

Jng7X)Q;UQdX _ : 11.20

Figure III.2 shows that outside the region X] to X2
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the zero point vibrational wavefunction cﬁLK) is very small,
and thus mekes a negligible contribution to the above

tegral from an element A X

L
ot

.integrala Contributions . to the
that is inside the range X; to-A; may be subdivided as below:-

(1) When g is zero or small, the contribution is
negligible since the amplitude of the wavefunction Q%(X)
ig very small in the region AKX .

(11) When g is very 1aréeg the vibrational wave-
function oscillates very rapidly in the region of AX, the .
positive and negative swings having épproximaﬁely equal
amplitudes; again resulting in 2 negligible contribution to
the integral,

(iii) When g ﬁas some intermediate value, such that
E g 18 close to the classical parsbolic curve Eb(X) shown in
Figure II11.2, then and only then can an apprecisble contri-
buticn to the integral III.20 occur,

Thus sétting EbB :Eboﬂ) s Bquation III.18 may be

writven as:-

I [l Aquéjj{flzﬁ(){)ﬂbﬁ()(}d )(j{l'f:a{)() 0, (K)aX s{e- e g}

Avq'g

2 : ,
HGQ(X)ldX 3{E; By o EY ‘ . 21

ag
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together with a similar expression for the emission band

“shape, The above integral may be evaluated to yield:-

‘ 12T ax !
'Ecb[E] = AVQ'I VHCIQ(REQz '{dEb(X)}XzRQ; : 11.22

where R, are the values of the nuclear coordinates for

Y

wnich energy ls conserved,

-

i e. Eb(Ra) — Egq T E

Tkuﬂ the band shabe Tunetion is the thermai average over the
electronic ground state vibrational levels of the product of
two factors. The Tirst is the initial probability of
occupation of position, and the secénd is the transitionr

energy at that position,

At high temperatures, many vibrational levels in the

g R A

ground electronic state will be invelved in absorptive

o

ransitions so that £, may be replaced by a mean value EO(K)

nd Eguation III.22 written ass-

j9]

11,23

waleh the treansivion energy E equals EJX) — E (X))

A fTurther simplification of Equations ITII.22 and I1X.23

results if the assumption is made that, over the range of
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configurational coordinates involved in the transition,
( X, to X, in Figure II1.2), the energy surface Eb(X) way be
L < Lo A fo o £t e -g.g;_ QdE(X} dx
epproximated by a straight line of slope b « o
' A

2 to a

Ny

This reduces the second fector of Egquation III,
constent, and the shape function is then determined by the
thermally aversged quantum mechanical distribution function,
which Lax (1952} has shown to be Gaussian in X o The width,

L(T) of the Caussian absorption band ig related to the

absolute tempersture by
1

L{1) = L(o)[corh{hwd/m}:t % - .24

where hw, is the energy'geparation of" the electronic ground _ :
stabte vibrational levels, and L{o) is ‘the width at absolute
zero. A similar equation exists For the emission band,
Dexter (1958) has ewxamined the validity of the
approximation whereby the upper configuration curve {(b) is

replaced by a straight line., He caleulated that if the

curvature is not neglected9 then at low temperatures =z high
energy taill is to be expected on the absorption band, and a

low energy tail on the emission band., The results of Russell

and Xlick (1956) and of Pabtterson and Kliek (1957) show the

above distortions. At higher temperatures, however,

occupation of levels above the zero point vibrational level
of the ground electronic state results in a decrease in the

high energy tail of the absorption band, and in the low energy
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tail of the emlssion band. Thus the tempersture and
curvature effects tend to cancel, vproducing bands that are

more nearly Gausslian than might otherwise be expected,

(D) Caloulation of the Configurational Cook¥dinate Diseram §

In order to construct in theoxry the configuration
coordinate diagram, the energy surfaces E (X} and EbM)
nust be determined.

Near its minimum, each curve has the functional forn

E _:?/21\’X2
where the force constants «, and «, are related to the
vibrational frequenclies uw, and wy respectively by relation-
ships of the fcrm:a

)

M 1s the elffTective mazs of the centre and is usually taken

(0]

28 the total mass of the impurity and six nearest neighbours

(Curie, 1963),

Now Eg{X) and E(X) are the expectation values of the
complete Hamiltonian HTDU of the centre, which may be>
expressed in the following form using perturbation theory:-
. Yy
HoAX) = Ho + A (X)

where H, is the Hamiltonien of the isolated impurity atonm,

and MX) represents the intersction of the impurity with its §
surreundings, under the assumption that Hy >> A(X) 0
Ho may then be determined by zolving the Schrédinger

equation for the isolated impurity atomi-
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wnere ¢fv) are the wavefunctions of the isolated zatom.
The wavelunctions of the centre embedded in the host may then

be expressed in the form:-

rrovided the perturbation is swmall. A somewhat better
approximation that uses symmetrically orthogonzlized wave-

functions ig given by Lowdin (1950) and discussed by Knox

and Dexter {1958).

The expectation valuerof the totel Hamiltonian is then

given by:i-

’(qb.k (r) [Ho+ )\(X}] ¢ (r)dr
£ w -
R"a‘ﬁ ‘pio (1) Ho (p? (r)dr - j{:'gio(r) ?\(X)‘Pi(r)dr

=Ej° T e.(X)+ smaller terms

1

Thus, providing that a suitable choice of A(X) can be

rade, the transition energies can be found and the cone-
figurational coordinate diagram completed.,

The above theoretical technique was applied by
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Fig. 111.3
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Williams (1951) to the system KCl(Tl)9 and will be discussed

later.

ational Coordinste Diagram

(E) Congstruction of the Configur

From Experinentzal Deta

Using the interpretations of the previous section, the
construction of the diasgrem reduces to the determination of
the relative vertical and horizontal displacements of the

ground and excited state electronic surfaces, together with

thelr parabolic constanis.
In Figure III.3 the origin of coordinates 1s taken at
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the winimunm of the ground electronic state, and with the
indicated notation, the ground and excited state curves are

degcribed respectively by the equations:-

E, (X) = |/2 Kq X2 1125
2 6
Eb(x) - Eo”/?_ Kb{x—xo} | : 1.2

where «, and Ky, are defined ag in the previous section.

The energies corresponding to the peaks of the absorption and

cumission bands, E b and ., , are given by;e
_ , ] ) .
Eabs = kg5 {Sb + /Q}Hwb - t/QmuGI .27
- - 17, |
Eem = Eo " 1Sa* Attug .28

where S, and s, label the vibrational levels within the
electronic states. Now recalling Equation III.24, the full
width at halfl meximum of the absorption band isse-

?/2

L (T) = L(O) [Cofh{'ﬁu,lc/QkT}}

(=

with a similar equation relating the emission band width to

o

the absolute temperature. The functional dependence is shown
schematically in Figure ITT. 4,

At high Temperatures, Com{hw/ka} —%»{ﬁw/karq

' R
86 thatb L(ﬂ — _L(o){'ﬁw/:ZkT}/2 il.29

Thus by piotting the graph experimentally, and measuring its



of course be more desirablie, ‘e least squares fitting of

functions in which both dependent and indépendent variables

are in error, as in this case, has been treated by Deming

Fig. 114

L(T)= L0} [Cothfiuy/24T]]

L(1)

N\

0 sy
v/ Temp 9

Now since the spacing of the vibrational levels is
small compared to the spacing of the electron levels,
(Russell and Klick, 1956), Equations III.27 and III.28 may

be approximated by:-

) |
- 1 N
Eabs = Eo * [y K, Ko : 111.30

aps o]

)
= - 1 N .
E E, /QKG/(0 | . 1L 31

em
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Thus the parvameters x, and x, mey be determimedg and the

¥

configurational coordinate diazgram constructed. Approximate
values for the mean numbers of phonons involved in the

absorptive and emissive processes may then be caleculated from

=l

Zouwations 111,27 and III.28.

The configurationsl coordinate model has been ed

(=

ppl

@

23

successiully to several different impurity centres. Russell

2

and Xlick (1956) have studied the F-centre in & variety of the
alkali halides; Klick, Patterson and Knox (1964) investigated
the F-centre in KCl; the T1¥ centre has been the subject of
studies by Johmson and Williams (1952, 1960)s. The Mat centre
in ZnSi0Oi was studied by Klick and Schulman (i950)° Previous
applications of the confTigurational coordinate model to

Nal{Tl) will be reviewed later.

(F) Assignment of the Electronic States
_Although the configurstional coordinate model deseribed
in the previous section considered only the ground state plus

S

e single excited electron level, most impurity centres can be
excited to more than one siate., The model ney however be
appilied £o the ground and each excited state in turn, provided
that the experimentaliy observed absorption or emission barnds

can be attributed to specific electronic transitions., Often

ct
2

H

ne assignment can be made on the basis of the prosition and
intensity of each barnd.

The pioneer work of Hilsch (1927, 1937), Forrd (1929,

A T RN b A0
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and many others on the absorption spectra of Tl

0

<
L

@

30)

IS

and Pb activated alkali halide phosvhors provided & wealth

<

3]

l-l«

of experimental date. At least two absorption bands, nsmned

the "A® and "C" bands, were seen in sach cases and sometimes

- anotier weak one, called the “B" band, was observed between

clhie A and C bands, Thg C band was always found to be the
strongest and to lie on the high energy side of the A band,
Sometimes the C and B bands were obscured by the fundamental
absorption edge of the host crystal., The integrated
absorption coefficient of the bands was found £o0 be PO~
portional to the'impurity'ccneemtzationg and the oscillator
strength of the B band was found to inecrease with tenperature.

On the basis of the sbove experinmental data, Seitz -
(1938) gave the first explesnation of the properties of the
T1" doped a2lkali halides, Sinee the T1" monovalent ion is
the most stable thallous ion at the high temperatures at

which crystals are grown, he assumed that the T17

ions sub-
stitutionally and randomly reﬁlaced the positive ions of the
host, Seitz then proposed two rrocesses by wh‘*n to explain
the abgorption bands:  the intraionic excitation of the T1'
ion, and the transfer of an electron to the Tl; lon from a
neighbouring halogen site, The first process was thought to

be the more likely becausci:e

- i~ o 3 2 - o +
(1) The positions of the A4, B, and C bands of T1' move

only slightly when one host materizl is substituted Tor
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another,

I3

{2) The electron transfer model predicts & doublet

structure that was not then seen. Howcverg recent experinments

-

{(see later) lend more credulerce to this model,

{3) Absorption bands arising from electron transfer

transitions were expected to appear at higher energies than

fete
(a5

the observed bands,
. +
By considering the term dlagram of the free 71 ion

3 o

and its expected modificzXioums

ot

whent the ion is embedded in o
nost material, Seitz zuggestesd hat the low energy A band dve
- . —33 p
attributed to the 'sg }P]{%qf—>srl} transition, and the C
0
The bracketed spectral notation is taken fronm Eyring et al.

band to the completely alliowed t?ansiﬁionis-—*¥]{A-*'ﬁ}

(1944), The singlet-triplet transition is not econsistent

th the spin-sslestion rule and thus the A band should be

1"';

5

weaker than the ¢ b

g confirmed experimentally by
Hilsch. (132??07 Aithough under cubic symmetry transitions
such as }50 “"’31’0 or 3P2 {]A}'_"' 3Ai and ]A1"‘3’ % or 3T2 }
are f forbvidden, they may be expected to occur with small
intensify if the crystal symmetry is lowered, for example,
DJ lattice vibratlonse Since the intensity of the B band is

weak at low temperatures and increases as the temperature

rises (Forrd, 1930), it was attributed to a transition of the

1

above type, namely to the so—->%a{]A{‘+ 3¢ oy STQ'}

transition. Using the configurational coordinate model and
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and Williems and Hebb (1951) considered the compound XC1(7T1)
from 2z theoretical Sﬁ&ﬁdpoinzo The totally symmetrical gise
placenent of the ﬂearest neigkbour Cl  ions surrounding the

TEr ion was taken as tﬁe configuration coordinate. The energy

. o . e s 43 .
of the ground { $;) and excited (°p; ) states of the T1'

3

ion were caleculated using, when possible, the available

3,

experimental data. Their results explained quite well the A
abzorption bhand and its assoclated emission band, together
‘ith thelr temperature and pressure dependence (Johnson and
Studer, 1951; Johnson and Williams, 1954),

Johnson and Williams (1952) and Johnson (1954) applied
the same theory to the high energy absorption'and emission |

bands of KCL(T1l), assuming that the bands resulted from

©

stinated the energy of the 'p

0

155119{ transitions. They :

ztate, and suggested thai hear resonance of the level with
the host resulted in the poor agreement of their estimate
yith experimentally determined values., More recent work,
howeverﬁ.(Aoyagi and Xuwabara, 1960; Edgerton and Teegarden,
_1963) suggests that the transition assignument may be in error,
‘since the emission band is not seen at low T17 concentrations,
As indicated earliier, the %heory a&opte& by Willians
predicts that the absorption and emission bands have no

vibrational structure and are Gaussian in shepe. Sone

experiments, however, have shown the presence of structure

e A IR A R A A
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within the absorption and enmission bands. Hiniger and
Rudolph (L940) observed structure within the A and C
absorption bands of Sn'™™ doped alkali halides, and Fukuda
(1964) reports structure in the A and C zbsorption bharnds of
NaCl, KC1, and KBr doped with In*, Sn**, T1* and Pb**. 1In

etitempting to discover the D band in XI{(Tl), Yuster and
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band is triplet, and

Williawms et al. (1957) noticed structure in the A and C bands

Patterson (1958) observed a doublet structure at

room temperature in the A and C bands of KC1(T1l), The

structure, however, was not present at or below the temperature

N
g
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ES

3

of liguid nitrogen. He suggested the existence of two kinds :
of T1" centres:- g

(1) A T1" ion embedded in a face centred cubic (NaCl) §
structure, ;

B

f2) A T1" ion embedded in a local body centred cubic

(CsCl) structure.

by}
@©.

The high energy absorption and emission components were
-attributed to the CsCl type centre since Eovpler and
Drickamer {(1960) noted that the A band shifis to higher

energy during a pressure-induced phase change from NaCl type

structure to CsCl type..
‘Yuster and Delbecqg (1953) found that at high T1° .

concentrations in KI(T1l) an additional band was present in
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thie low energy shoulder of both 4 and © absorption bands,.

Moreover, the intensity of the additional bands varied
linearly, not with the T1" concentration as did the A and C
bands, but with the Squa?e of the T1%¥ concentration., These
new bands were =ity ibUGCd to the (Tl+)2 "dimer" centre which
consiats of two thallous long a3 near neighbours, Van Sciver
{1955}, Uchida and Kato (1959), and Matsui (1967), following
the pioneer work on NaI(Tl) by Hilsch (1927, 1937), Hilsch
and Pohl (1928), and Lorenz (1 928), observed bands charascter-

lztic of the dimer centre in absorption, emission, and

Y]
k\‘
<y

excitation spectrs aken at high concentrations of T1°,

i

Butler (1956) aﬁa Patterson and Kiliek (1957) reported a small
band in the low energy shoulder of the A absorption band of
KCi(Tl)o Since'the band wes not seen by Fukuda (1964), who
used samples of low T1* content, it probably'resuited from =
dimer transition,

Zazubovich et al, (1964) Yound thet in Sn*t doped XCi,

KBr, and XI the A band was double t whilst the C band was

=

triplet? and suggested that the structure was the result of
cation vacancies in the lattice. Fukuda (1964), Fukuda et al,
(1964)9 and Onaka et al. (1965) have observed similar
structures in NaCl(In), KBr(In), NaCl(Sn), KBr{Sn), NaCi(Pb),
and KCi{®b), |

In recent years, investigetion of the tine depen dencb

£

of the luminescence spectra of doned azlkali halides has

;
i
&
3
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derable attention {(Illingworth, 1964 Trinkler
- and Piyavin, 19653 Wall, 19589). The results, in general,

confirm the presence of structure within the A and C bande,
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Edgerton and Teegarden (1 Edgerton {1965), ang

[¢i+]

Fukude (19864) conclude that the muitiplet structures nay be

k

explained by the Jashn-Teller Theorem {(Jahn ang Teller, 1937,

1938; Van Vleck, 1939; Opik and Pryce, 1957), This theoven

as applied to luminescence centres, states that a geometrical

arrangement of atoms about 2 centre in a deégenerate electronic

state 1s unstable, so that the ions will move to destroy at
least part of the degeneracy, For Fecentres, or T1l' centres
in 2lkali halides, the degeneracy of the p-states is not
renoved by the cubic crystal field, so that according to the
theorem a distortion of the surroundings of the centre is
required in order to remove part of the degeneracy. The

Jahn-~Teller Effect will be considered again later,
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CHAPTER IV
DATA ACCUMULATION AND CORRECTION

(A) Experimental Appafatus

The apparatus was designed so that between liquid
nitrogen and room temperatures a sample @rystal could be
subjected to two diffefent but related experimentsi~

(1) Excitation Experiment _ _ \

For this study the intensity of light at a set wave-
length emanating from the crystal was investigated as a
function of exciting Wavelength..

(11) Emission Experiment
~In this investigation the crystal was excited by
monochromatic light, and the emiséion 1ntehsity studlied as a

function of wavelength.

(1) Mechanical Equipment

Figure IV.1 1ndioates schematicaily the équipment
arrangement, and.Figure IV.2 shows details of the vacuum box
and crystal cryostat. Sample crystals pPrepared in the'dry
-box (DB) and mounted in the crystal holder (H), were
trensferred into the vacuum chamber (V) and secured in the
cryostat (C), Light froﬁ the high pressure deuterium source
(S), its wavelength selected by.the 1rréd1ation,anochromator
- (M1 ), illuminated the crystal via the quartzklens (Li).

Luminescent radiation from the sample was bollected by the
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————Zee To Vacuum System

Lo =

C - Crystal Cryostat
DB— Dry Box and Sample

M Preparation Area
L1,k — Quartz Lenses
M, = Irradiation Monochromator

Mz=Analyser Monochromator
S P — Photomultiplier
S = Deuterium Lamp

¥V = VYacuum Box
W= Quartz Windows

Fig.IV.1 Luminescence Equipment Schematic

guartz 1ens.(L2), focussed onto the ehtranée siit of the é
analyser monochromator (Mz), and its intensity detected by the
phoﬁomuitiplier (P)s The indicéted crystal orientation
eliminated reflectioﬁ of the incident beam into the anglyser
monochromator (Mo). The temperature of the sample was

measured by a copper-constantan thermocouple attached to the

e g A o v e

" brass crystal holder.

(2) Electronic Equipment

Since the nature of the'projeqt required the
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C - Crystal Cryostat

D -~ Door inte Dry Box
H- Crystal Holder
N~ Nitregen Confainer

V- Vacuum Chamber




ko

rradiation Analyser
Monochromator ! Monochromator
Scan Unit Scan Unit
and ' and
Sensors Sensors
Automation Power Supply
Control
Unit %
W %’7 ’ Photomultiplier
- m—"
Voltmeter
Input :
SWifCh — - —
% Thermocouple
Amplifier . _
Digital ‘ , :
bt Voltmeter
. Paralle! to ’
- i
Serial Converter ;
!:
_ Paper Tape
Punch
Fig.lV.3 Electronic Schematic

accumulation of a 1arge’number of excitation and emission

spectra, 1t was desirable to automate the system. This was
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achleved as indicated schematically in Figure IV.3. Each of
the monochromators was equipped with a reversible synchronous
motor which dfové the grating through an appropriate gear
t?ainO. A number of cams attaqhed to each grating drive éhaft
triggered microswitchés which in turn set ring counters in
the automatic control unit. The state of the ring counters
controlled the sequential process of data accumulation
according tec the following cycle:-

Phase (1) ,
With the irradiation ﬁonochromator set to excite
the sample at a given wavelength, the analyser monochromator
scanned the emission spectrum until the spectral region of
interest was reached., At this point a microswitch closéd
causing the control unit to feed the'photomultiplier output
to the digital voltmeter. The voltmeter, under command of
~a train of pulses generated by the control unit, sampled its
Girect current input at regular 1n%ervals determined by the
.time separation of the pulses, and fed its binary coded
decimal output through a parallel to sefial converter into
the tape punch,
Phase (ii)
At the end of the spectral region of 1n£erest, another
microswitch closed éausing the control unit to stop output of
the encoded spectrum, and to switeh the voltmeter input to

the thermocouple., The converter then punched out the crystal



AR PR S &

51
teﬁperature. and a strip of "buzzed" tape to separate one
spectrum from the next, '
” Phase (1i1)
Closure of a third microswitch reversed thg direction
of the analyser scan, permitting the grating to return to
the position at which Phase (i) commenced, whereupon a fourth
swltﬁh closed aﬁd the cycle was repeated, While returning to
1ts initisl vposition no data were collected, but the
irradiation monochromator was activated and set to éxcite
the sample at a new wavelengi:h° The wavelength range over ) %
which the sample was excited could be adjusted by two cams
'opefating microswitches, while a third cam determined the
wavelength interval between successive excitations.
In barallel with the automatic system was an
auxiliary manual one, permitting interruption or suppression

of any phase of the cycle.

The wavelength correspénding to the first recorded
point of each spectrum was determined by the angular ppsition
of the grating drive shaft at which a microéwitch closed,
Sonme difficulty was anticlpated and eiperienced in achieving
reproduclbilityiof this angulér position. Suitable design

of the cam'profile. however, resulted in variations of less

than 20 minutes of arc, or equivalently %2 Angstrom on the o
analyser monochromator and t4 Angstrom on the irradiation

monochromator. Since spectra were usually taken with an
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instrument band pass of 1324 over a wavelength range in excess
of 1000A, the above precision was considered sufficient for
present needs, ) —

The followihg is a2 list of model numbers 6r origins of
various iteﬁs of équibﬁent used ;-

High Pressure Deuterium Lamp Bausch and Lomb #33-86-35-01

Irradiation Monochromator Bausch and Lomb #33-86425

Analyser Monochromator Bausch and Lomb #33-86-45

Photomultiplier  EJM.I. #6256

High Voltage Supply Keithley Model - 242

Amplifier | Magnetic Instruments Model 759-5

Digitel Voltmete; Vidar Model 500

Parallel to Serial “Designed and built in the
Converter laboratory from DEC Modules

Paper Tape Punch : Tally Model 420

Vacuun Systen Mercury Diffusion Pump

(B) Sample Preparation

Single crystals of Nal having a nominal thallium
concentﬁation of 0.2M% were purchased from Harshaw Chemical
ACompany. Because of the extremely hygroscopic nature of
NaI(Tl), samples were prepared in a dry environment.
Crysﬁals one centimeter sguare by one to two millimeters
thick were cleaved from a single crystal block. Immediately

after cleavage, the sample was transferred through a door
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connecting the dry box to the crystal cfyostat (Figure IV.1
‘and IV.2). The vacuum chamber was then sealed and exhausted

to a pressure between 10‘4 and 10~5 mm. of mercury.

(C) Exverimental Procedure

As indicated in the previous sections of this chapter,
exclitation and emission spectra were taken in the range |
between ligquid nitrogen and room temperaturés. The usual
precedure was to take spectra at room temperature, then cool
the sample to liquid nitrogen temperature and repeat the

Zperiments. Following this, the nitfogen was removed and the

@

Q

Tyostat éllowed to warm up by means of conduction through
the thin stainless steel dewar neck and heat transfer through 75
the vacuum, Spectra were then taken at intermediate tempera-_’- o
tures during ﬁhe warmup. The time taken for tﬁe cryostat
temperature to change from near that 6f liquid nitrogen to
O(bo was about eight hours, depending upon the vacuum. Even

at the lowest temperatures the rate of temperature rise was

‘no higher than two centigrade degrees per minute, so that
over the three or four minutes required to take a spectrum,
the temperature was sensibly constant. In order to reduce

the warming rate and-fherefore the temperature lag between the

et s e e

cryostat and crystél, the latter was embedded within the
large mass of metal comprising the crystal holder (Figure IV,Z),
and kept in intimate contact by a spring,

As previously mentioned, all data were punched on



- avallable which ranges with uniform intensity from the

- eanalyser system, comprising the monochromator and photo- yf
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strip paper tare. The numerical coding was chosen to be
compatible with aﬁ IBM 1620 computer so that the spectra
ceuld be %ransfefred onto éards prior to correction and

analysis by an IBM 360/65 computer.

(D) Dats Correction

Before the luminescence spectra could be'analysed
and interpreted, it was necessary to apply certain correction

factors, These are outlined below:- : év

(1) Spectral Response Correction

One of the problems encountered in broad band
luminescence experiments is that the spectral resporise curves ' é
of monochromators, photomultipliers, windows and lens systems

are dependent upon the wavelength of the radiation passing é

through the system. In addition, there is no light source é

i
é
£
[
|

ultravioclet to the visible. Thus it is necessary to determine
the following quantities as a function of wavelengths:-

(1) The relative intensity of light incident on the
érystale

(11) The response to the luminescent emission of the

multiplier combination and associated optics.
These spectral response curves were determined by

two auxiliary experiments, A and B, shown in'Figure IV.4, ‘In
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Figvi4 Calibration Equipmeﬁt Schematic L

the Tirst, the deuterium lamp and irradiation ménochromator
were mounted in series with an R. C. A. 7200 photomultiplier
previously calibrated by the Radio Corporation of America,

and the light intensity I,{\} seen by the detector plotted as

& Tunction of wavelength. In the second experiment, the lamp

and irradiation monochromator were placed in series with the

i
HE
i
i
P

analyser monochromator and its associated E.M.I. photomultiplier,
end the intensity Iﬁx} again plotted as a funection of wave-
length., The response curves Wére determined as below, where
Rﬁh} is the relative response of the lamp-irradiation mono-

chromator combination, and R2{A} that of the analyser mono-

RN S s = = e

chromator and E.M.I. photomultiplier. bi{A} is the known

relative response of fhe calibrated R. C, A. phototube,
I {n}
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from which .R]{k} = I]{x}/a{x}
by = b/

Tne relative response curves clearly depend upon the

band pass or slit width of the monochromators. Conseguently
the calibration was done using siit geometry identical to
that employed 1n'the luminéscence experiments, The light
intensity reaching the detector during spectral calibration,
however, was much greater than that emitted under»excitation
of a crystal, so that using the above slit geometry, some |
means of regulating the intensity was required, in order to
vrevent damage'to the phototubes4and to operate in the same
signal range. It was determined experimentally that-variation
of the monochromator slit heights caused considerable dis-
tortion of the resgponse curVeé. but that an auxiliary slit
mounted_perpendicularly to the monochromator slits in the
position indicated in PFigure IV.4 resulted in no noticeable
~distortion., An auxiliary slit mounted in fhe above position
~was thus employed as the intensity control.

| Figure IV.5 shows the response curve of the R.C.A.
calibrated phototube, and in Figures IV.6, IV.7, IV.8, and
IV.9 are shown the relative response curves of the equipment
for the instrumental band passes indicated.

Since each recorded point of a given luminescence

spectrum requires correction by a faétor derived from one of

the above curves, the response correction of many such spectra
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Fig.lV.5 Relative Response of Culibrated Photornultiplier Tube
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coulé be very tedious. In the past other workers have con-
structed ingenious automatic correction devices such as that
of Lipsett (1959). FHis analogue system used cams, with Q
profiles proportional to the instrument response curves, to
drive a potential divider mounted in the photomultiplier out-
put cifcu’it° Correqtion of data pertaining to the present
study, however, was gfeatly simplified by the use of paper tape
cutput. The response cﬁrves were digltized at 50 Angstrom
intervals and stored in a-computer subroutine. Linear
interpclation between the response curve data points made
possible computer correction of any spectrum. Since
luminescenﬁ curves are expected.to be approximately Gaussian
in energy (Chapter III), linear»interpolaﬁion between the raw
data péints was used again to convert spectra having a linear
wavelength scale to‘spectra having a linear energy scale. This
conversion, conducted Wiﬁhiﬁ the correction program, was made
- to facilitate the use of a Gaussian fitting program, discussed

- in Chapter VI,

(2) Slit Width Correction'

_The siit widtn df & grating monochromator cbntrols
.the spectral band pass, which if measured in wavelength units
is essentially constant over the spectral range of the
instrument, as indicated by the éhaded regions in Flgure IV.10a.
In converting from Wavelengfh spectra to energy spectra, the

width of the spectral "window" changes as seen in Figure IV.10D.

4
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Consequently a correction must be applied for this change in

energy bandpass. Now since curves IV.10a and IV,10b represent

the same physical process, and the intensities I, and Ib are

the number of photons in a wavelength interval d\ or energy

interval di involved in a transition per unit time, the area

of the shaded elements must be identical, Hence:=-

I, dN = L, dE
where A\ and E are related by:-

E=hy =he/A
from which dN/dE = -he/E2

so that I, « Ia{i/Ez}

(with usual notation)

f 2
or egulvalently, 'l_._‘10 oC Iq{f/(hu) }



hus to obtain a relative measure of the luminescence

=

spectra in terms of the number of photons per unit energy

interval, the raw data were corrected by applying a variable
3
factor of {y@u} °

(3) Temperature Determination

The thermocouplée calibration curve, consisting of
velues at 10Cf intervals, was also stored in a computer
program, Before and after each expériment, the.thermocouple
was recalibrated at liguid nitrogen and room temperatures,
ané the calibration curve appropriately rescaled., Linear
interpolation was again employed to determine the crystal
temperatufe from the corresponding thermocouple voltage.

The luminescence spectra were corrected, and the
corresponding temperatures computed in a single progran,
written for the IBM 360/65 machine, and described in

Avpendix I,




CHAPTER V

7

EXPERIMENTAL DATA AND THEIR INTERPRETATION

(4) Introduction

In describing the excitation data, frequent reference
will be made to the emission data which will be discussed
later, At‘this point it is sufficient to mention that two
broad emission peaks are seen, sometimes with a small pesk
between them,

To avcid confusion, the terms “band” and "envelope”
will convey the following meanings unless specified otherwise:-
Band: An expérimental peak to which a specific

electronic transition has been assigned.

Envelope: An experimental peak that is the sum of
_se%era1 bands, or to which a specific transition has not been
assigned. _

Although & total of about 25 different NaI(Tl) samples ‘_ ?
were studied in all, only 11 were used to compile the data
desoribed in the following sections: 5 to obtain the excitation
data, and 6 to obtain the emission data. In order to reduce
the variation in T1" concentration from one sample to another,

the 11 samples used were cleaved from only 3 different large

single crystals. In the following sections, the quoted Sample
_numbers (1, 2 and 3) refer to the single crystals from which

- the samples were cleaved, Although the T1* concentration will '
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ﬁe shown to differ among the large single crystals, samples
from the same single crystal were found to be of similar T1*

content, | . ‘.

(B) Low Temperature Excitation Spectra

Figures V.1 to V.4 show.. excitation spectra of
NaeI{11) Sample #1 at a temperature of 97°K., The selected
emission energies cover the ultraviolet-visible region from
2,75 eV (4500 A) to 3.81 eV (3250 A), spanning all the observed
emission bands,

»The excitation spectra giving rise to the low energy
emission envelope in the vicinity of 2.88 eV (4300 A) are
presented in Figures V.l and V.2: ‘- the former shows spectra
at emission wavelengths within the low energy half of the
envelope, while the latter shows spectra relating to the high
energy side. Two excitation envelopes»afe.seen, the larger in
the region between 3.90 eV (3180:4) and 4,36 eV (2840 A) and
the smaller between 4.46 eV (2780;A) and 5.30 eV {2340 A), ?J
The low ehergy'excitation envelope appears to be comprised of m
at least two unresolved bands. Its peak height increases in
Figure V.1 as the emissibn energy is increased and decreases
in Figure V.2 as the emission energy is further increased,

The increase and subsequent decrease in peak height was expected

since the various emissions scan over the emission envelope,
Although the peak position and width appear not to vary, they

will be considered in more detail later.
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The high energy excitation envelope appears to be

excitation envelope due to its unresolved composite bands,
The high énergy side of the high energy envelope in Figure
V.1 increases with indre&sing emission energy whilst the right
hand side remains steadj, and in Figure V.2 the low energy side
of the envelope drops off somewhat more rapidly than does the
high energy side.

In Figures V.3 and V.4 are shown the excitation spectra
for emisslon over the range 3.26 eV (3800 A) to 3.82 eV
(3250 A). Figure V.3 shows the-spectra for excitation to the ;

extreme high energy side of the low energy emission envelope, cd

to a small band at 3,28 eV (3780 A), and to the low energy !
side cf the high energy emission envelope. The two excitations

envelopes discussed in connection with Figures V.1 and V.2

et g 5

- are seen to decay progressively as the emission steps toward
higner energiles, whilst two new envelopes rise at 3.98 eV
(3120 &) and 4.68 eV (2650 4).

" Excitation to the high energy emission envelope is

‘shown in Figure V.4, Although the transmission peak (marked
T.P,) obscures somewhat the low energy region of the curves,

the two excitation envelopes are much narrower than those

related to excitation to the‘low energy emission band., The
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Fig. v. 3
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fine structure indicated in the narrow low energy envelope of

Figure V.3, and the movement of both envelopes in Figure V.4

suggests Lhat both may be comprised of more than one unresolved
band, However the small peak shift may result not from an actual’

- movement of the excitation envelope, but from an error in the

reprodﬁcibility of the wavelength range scénned by the mono-
éhromatdro

As will be seen later; both effects are present, but

one may be distinguished from the other in certain circumstances,

The major features of the above low temperature excitation
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data may be interpreted in the light of the absorption spectra
of Nal(Tl) taken by Matsui (1967) and reproduced in Figure V.S.

The spectra of samples containing various T1% concentrations

e

show tne A and B bands characteristic of the T1* monomexr

o5}

beorption, the B band resolved from the fundamental sbsorption
edge only at temperatures equal to, or below, that of liguid
nitrogen, At the higher T1° concentrations, absorption bands
due to the dimer centre appear in the low energy shoulders of
the A and B bands. These will be called the A' and B' bands
respectively., The positions of the 4, B, C, A' and B' bands

(Matsui, 1967) are:-

Band Position . Temperature
- eV A °K
A L,26 2910 77
Al L, 06 3050 77
B 4,96 - 2500 ' ' 77
B! ' L,81 2575 : 77
C 5022 2376 30

In addition to the absorption bands listed above, there may
exist 2 C' band not seen in.Figure Vi5-since it would lie under
the fundamental absorption edge.

| In the present excitation data for a temperature of
'9?OK, two broad and as&mmetrical envelopes are seen, together
with two narrower ohes on their low energy sides. Accordingly,
the broad low energy asymmetrical excitation envelope at 4,14 eV
{2990 A) is associated with the A band of the monomér'centre,

and the other broad envelope at 4.80 eV (2580 A) is associated
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with the B band and peossibly also with the C band. The narrow
low ehergy excltation band at 3.98 eV (3120 A) is associated

witn the A' band, and the other excitation envelope at 4.68 eV
(2650 A) with the B' band.

The internal structure of the A' excitation band was
confirmed by similar spgctra taken on Sample #2, which has a
somewhat higher T1" concentration than Sanple #l.V Figure V.6
snows the flne structure, and Figures V.7, V.8 ana V.9-show
the continued increase in peak height of both dimer bands as
the enéygy of emission encroaches more and more into the high
energy envelope. Figure V.6 shows the fine structure ﬁo be
most prominent when both the A and A' bands are present. The‘
shift in pezk position of the A band may be due either to

varying heights of fine structure components or to a wave-
length error, The variation in shape and position of the high
energy excitation envelope is quite obvious in Figures V.6,
Vo7, Vo8, and V.9, and Will be discussed aﬁ 2 more appropriate
time. Both Figures V.8 and V;9 show the transmission peak

at the extreme right hand side.
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(C) Low Temperature Exciltatlion Envelope Shapes

Figures V.10 and V.11 show a selection of excitation

-curves of Sample #1L for emlissions that span the entire low

energy emission_envelopea Since for an excitation curve the
veak height of the low energy envelope is much larger than
that of the high énergy one, both cannqt conveniently be drawn
to the same scale on one graph. Thus, part (a) of each figure

shows the high energy envelopes and part (b) the low energy

10
el

nvelopes, both sets separately normalized so that the largest

eak fills the vertical dimension of each diagram,

e}

The curves of Figures V.10a and V.l1la show the high

energy excitation envelope to be at least triplet, consisting

of a central band flanked by a smaller one on either side.
As the emission steps from 2.76 eV (4500 A) to 3.02 eV (4100 A),
the central peak of the triplet at first rises and then falls,

whilst the right hand peak remains at a fairly constant height.

| For emissions between 3.02 eV (4100 A) and 3.18 eV (39004)

both the central and right hand components decrease, and at
still»higher energy emissions, & new band is seen at about
Le56 eV (2?2Q A), in the low energy tail of the envelope. The
rise of this band is maintained in Figure V.12a for emissions
up to 3.35 eV (3700 4), after which it decreases rapidly as
the energy of emission increases still further. Since this
peak appeaﬁs on the low energy side of'the 4,68 eV (2650 &) B

band, and well removed from the A band region, it cannot be
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identified with an electronic trénsition within elither the |
~ dimer or the monomer centre, This band will be called the I*
band,
| In ascendihg order of energy, the T1* (or (T1%)2)
ion absorption or excitation bands that lie on the.high energy %
gide of the B' band are the B, C', and C bands. Returning to
igures V,10a and V.lla, the B’ band position lies midway
between the central and the low energy components of the
triplet envelope, Further_9 in Figure V.lZ2a bbth the central
and the nigh energy. components:=ars seen to decay as fhe B* -
band rises, indicating that they are bands related to the
monomer centre. That is, the central component at 4,80 eV . _ i é
(2580 4) of Figures V,10a and V.ila is associated with the :
B absorption band,.while the high energy component at 5,12 eV
(2420 4) can be identified as the C band., The small tail on _
the high energﬁ_side of the B’ band of Figure V,12a may in i

.Tact be the C' band,

Assuming that the dimer centre results from tiwo T1'
ions in nearest neighbour cation positions, and that the
pzobability_of occupation of all positive ion sites by T1%
ions is the same,[then the nﬁmber of dimer centres per unit

Volume iSi-

Ny = éNf/Nz
(Van Sciver, 1964), where Np is the number of monomer centres

per unit volume, N is the nunmber of available ionic sites per
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unit volume, and Ny << N, Thus for a monomer concentration of
1 part per 102 (1.e. Ny/N = 10'3), the dimer concentration is
approximately 6 parts per 106. Although the dimer/moﬁomer
population ratio is of the order of 6 x 10'3. the excitation
spectra of Figure V.12 show the B* and B bands, and the A' and
A bands, to bé of comparable intensity. Thus the efficiency
~of luminescence ofrthe dimer'centre must be approximately
100 times thaﬁ of the monomer centre,

In Figure V.10 and V.1i the A band shape changes
little as the emission energy increases., The point of 1nf1ectioﬁ
éf the A band peak (4,14 eV) was observed by Matsui (1967) and
although no clear explanation was given, the 1nflect16n was
interpreted by the present author in the light of the
experimental arrangement used, The techniﬁue was to view
the crystal luminescence'in a direction perpendicular to the
-directloﬁ of excitation, and to mount a large sguare sample L
with-its facé perpendibular to the execiting beam. At high
absorption coefficients, for example in the A band at L,14 ev,
-the exciting beam would be absorbed predominantly in a thin
surface layer of the crystal. This thin layer would be off
- the axlé of the énalyser monochromator, and could result'in a g}
distértion of the excitation band shape., N

The present experimental arrangement, using a 45°
crystal orientation, avoids this problem; since the source-of

luminescent emission is always mounted on the axis of the
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analyser monochromator. The fact that the point of inflection
18 still observed suggests that a different explanation is
regquired,

At the higher excitation energies of Figure V.1l1lb,

the curves are more bell-shaped over the peaks than are the

.curves of Pigure V°105° This suggests that the envelope

congists of two ovérlapping bands, the relative intensity of
which changes as the emission energy varies. The small
variatibn in the position of the envelope is gpparently
random, but 1s about twice as large as the estimated
experimental error of *4 Angstrom, and may also imply internal
structure of the A band.

Over the emission range where the B and C bands of
Flgure V.12a decay and the B* band rises, Figure V.12b shows
similar drastic changes in the shape of_the'low cenergy
envelope., The A excitation band decays, and is replaced at
slightly lower energy by the A' band, |

In Figure V°13,7data showing the shape of-the'
excitation bands for emissions contained solely within the
nigh energy emission region afe presented somewhat differently
f:om the previous three figures, so that the peak movements
can be investigated. For various emission energies, part (a)

shows the high energy B' band; part {(b) shows the same curves

all normalized to an identical peak height; and part (c¢) shows,

for the same emissions, the low energy A' bands normalized to
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the same peak height. Both the high and. low energy excitation
bands are symmetrical and do not show internal structure as
the emission energy varies. In addition, the relative dis-
placenent among the curves in Figure V.13b is the same a3 that
in Figure V.13c, suggesting that a systematic‘error within-the

range T4 Angstrom is agsociated with the wavelength scale of

- each graph, in agreement with the estimate made in Chapter IV,

The small shoulder at 4,91 eV (2520 A) on the high energy

side of the B' band in Figures V.13a and V,13b may be the ¢
band, but is more likely 'a small residue from the B band, If
1t were the C' band it would be expected to increase along with

the B' band, as the emission energy increases,

et o i 1 .0 B, L
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(D) Room Temperature Excitation Spectra

Figures V.14 and V.15 show the excitation spectra of
NaI{Tl) Sample #1 at room temperasture. The selected emission
energies range from 2.70 eV (4600 A) to 3.65 eV (3400 4),

- covering both the emission envelopes.

Excitation spectra characteristic of emissions within
the low energy envelope are shown in Figure V.14, Two
unsymmetrical excitatidn envelopes are seen, the smaller
between 5.1 eV (2430 A) and 4.4 eV (2820 A) and thé larger

Between«bob eV (2820 A) and 3.7 eV (3350 4). Both‘envelopes

are conslderably broader than their low temperature counterparts

previously shown in Figures V.l and V.2. As the emission
energy increases, the height of the low energy A excitation
band in Figure V.14 rises markedly, prior to a smaller decay.
1ts shape does not appear to change drastically.

Although the high energy excitation envelope of Figure

V.14 indicates neikther resolved bands nor pronounced shoulders,

it 1s possible to infer internal structure from its change in

shape as the emission energy varies., The high energy side of

the envelope rises sharply and then falls only slightly, as did

the A band., Thus by analogy with thé low temperature data

the presence of the monomer B and C bands under the high energy

envelope is expected, The extreme léw energy side of the

envelope behaves differently in that after a sharp initial rise

it falls almost to its original height, Since this change occurs

to the low energy side of the bposition of the B’

RIS
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band, 1t is again associated with a centre other than those
due to the TL' impurity.

In Figure V.15, as the emission energy increases, the
broad A excitation band decreases slightly, and then remains
steady whilst the narrower A' band rises on its low energy
side, at 3,90 eV (3180 4).

The broad high energyiexcitation envelope shows a

all decay of both shoulders as the emission energy increases,
together with the rise of the B' band at 4.58 eV {2710 A).

In comparing the data taken at room temperature with
that taken at liquid nitrogen temperature, the foliowing
points are evident:-

(1) The low temperature band positions are at higher

energies than are their room temperature counterparts.

Band Lig. N» Temp. + Room Temp.

A holl eV (2990 4) H.12 eV (3010 A)
B L.80 eV (2580 A) -

c 5¢12 eV {2420 A) -

A’ 3.98 eV (3120 4) 3.90 eV (3180 A)
B' 4,68 ev (2650 A) 4.58 eV (2710 4)

(2) The widths of the bands (full width at half maximum)

are smaller at liquid nitrogen temperature than at room temper-

ature,

Band Ligs N5 Temp. Room Temp.
A 0.26 eV : . 0.3 eV

. B ’ 0-03 eV ’ -
C ' 003 eV bt
AP , 0014 eV 0319 eV
B* 0,16 eV -
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(3) Emissions that at low temperatures are excited only
by the dimer bands are at room temperature excited by both
dimer and monomer bands. Compare, for example, Figures V.3

and V.4 with Pigure V,15,
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(E) Boom Temperature Excitation Envelope Shapes

The excitation curves of Figures V.14 and V.15 are
redrawn in Figures V.16 and V.17. Parts (a) of each figure
show the high energy envelopes normalized so that the largest
peak fills the dlagram, with the smaller peaks scaled
accordingly. Parts (b) and (¢) of each figure show the high
and low energy envelopes respectively, each curve normalized
to the same peak height. Figures V.16a and V.17a show more
clearly than Figure V.14 the movement of the high energy
excitation envelope towards higher energy as the emission

energy varies from 2,70 eV (4600 A) to 3.26 eV (3800 A). The

variation in height of the shoulders, suggested in Figure V.14,

' is confirmed in Figure V.i6a, Figure V.16b shows that the
envelope movement results from an increase in.the B band and
a decrease in the I' band to the low energy side of the B’
band position at 4;58 eV (2710 A). The low energy excitation
envelope; however, indlcates virtually no change in shape
over this range of emissions.
For emissions at higher energlies, between 3,26 eV

(3800 A) and 3.65 eV (3400 A}, the low energy excitation
envelope changes shape quite drastically, as shown again in
Figure V.17¢c. The A band progressively decays, whilst the A°
band rises on its low energy side., For a similar range of -
emission enérgies, Figures V.17a and V.17b show the high

energy excitation envelope becoming increasingly narrower
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and moving towards lower energies, as the B and C bands decay

and the B' band grows.,.



100

TyuEl oY
*316Z 0%
“0812 st
*owlZ 0L
“oli2 5%
"689Z 07
1952 S5
“ZEsT 0
“5G9¢ s
"8L5E Gv
T
75 0f
~0esz sz
TsLvE 02
"0svz 1
AT )
.rc¢m s

sejeser|rassjen jees rerjonenje

.

-

Sejertejectasjsonaferenpacnajansafunnnenns abea]

31 & d I3 g
*962 ATy
806¢ GLOY
vete 0l1*t
113 & HeVHD 1*1 & Hdvyo

+ K
- x‘
. % . .
.. X .
- X *
- R‘ L :
. +% * *1
. 4 + - 1
. x v " i*
- X o+ . K I *
- X+ - 1 *
. X + . I . #
. « + » 1 »
- X o+ - I *
- X . A | »
. X ‘e b *
- X . + i -
. X . + i *
. *x 1+ - ]
- . * 1+ *
- . i . ~ -
. % 1+ *
. - 1 b *
. X i + »
-* X 1 + -
* - X i + %
vt x1 * *
. . I % + -
. . 1 .
- * 1 X +
. . % +
- — . X1 +
2 Tl ’
IX +

- = - Ix * ;
. Mww . % . ’
. D - . iX +

om ¥ I *
- g LI 3 *
- © * 1 X +
’ WW * I.x P
M . X +
. MW L B +
. = . I X +
- 5 . . X1 +
- = .ux Xi * +
- m .—x
. hd X
- &= o 1
. — .
.3 X
. mw .
I = -
- o - e
. w] [} () .
. © mm MW
- — 3
. >\ = =
. 12 o
. Ol = Q.
N e £
: m &

veajesseens

] -

% LI P .

X o+ | .

X+ . 1 °

£ o+ 0 * 1 .
+X - | -
. wf .

. * i .
1s ¢

" & .
I = -
% R -
«

LR N

.

Energy (eV)

.1 + =
Xl o+ . * -
¢ XL+ L ot
Xl o+ > °

R B 4 &
s X+ % .
X + % -

1+

*1e & .
[x+ * *
"Xl & >
‘i & -
jv & *
1e & .
1% * .
I+ » *
t+z -
tia
Yl .
I e
T+ °*

(stun "qe) Aisusiu) aanesy

Teenfssanyaaarprutn esan benagecrajaren]es

DGty

[rh & Ad B

wmrc¢

ols°y

BAS A

aley

0964

LA VRS ]

[ R -0

(U R

0T10%s

Q9GS

atits

JanlyeiIdnil
LIIXG/SSEnT
LIIX3/SSIH

s L] £ e 1 o
G371IvHEON 18N iAe J31V3S VIVO
*aepe *e6 98¢ {= *910)
ooy oony aQey (¥} LSAZIIATY
696°2 2B ¢ [Fa { AT3) ADYIN2
%} & HdvH9 (#] ¢ H4vEd {#F 1T Hu¥®9
{SIANIOd 1 Ad3A3 = TVAHRIN] willi07d Vel

N4

L

e o A




101

i gt

*1182

*08Le

*oude

*6il2

6892

1992

tee9z

"60%2

T T4

*1s62

14714

0082

ETTeY:

*ogw2

*9eve

‘£0ve

oL

09

(3

sl

5

LI ¥

LI Y

ot

e

+ 440

>

»
E]
% + X
* + X
* + X
* + X
L] + X
» I X *
* + X .
+ X * 1
X * 1 B
X ‘1
X . 1 ‘
X 1
* 1
- 1
. I
I
.
- .
X+ *
X+ *
X + * -
. X o+ -
I X »
I - X + -
] . X + *
i* X + %
B X * '
i* X 4+ *
1 X + -
I A *
1 * X + »
H X + *
- R T X + »
i * X o+
[ L
1 X
. Ic
. I
1
m -~
£ e —
O 3
>2 £
= =
d O
SHE 2
b mM £
m &

vesr|ees

spessefesns

8 i
*96¢
0d8¢
92%¢
(1) § Hdvyd

9

bl Y
0Gow
01°¢

(*F ¥ Hdvud

-

. 1
: + X i .
4+ X * i
L3 X . 1
* + X * I
» + R ¢ * 1 .
+ B . I
+ b3 T 1.
ot i
. . 1
L .
.. I
i : -
1 .
1 .
.
-
» .
+ » -
+ *
X o+ *
* X+ *
i X+ L I
i X + .
1*x + L
It +X ° »
*1 %+ »
1* %+ »
i* X+ *
i* X =
I *x *
1*X%4 = Wo
15+ & me
133 *
1 & Ww
I X+ » Mw
*IX e =
1 xs i
i* =
Xz
I+Xa
1%%»
Tl
Ixe
v
1x
24
1+
I
I+
. X
(shun °que) Aysusu) sAneRYy t
le

m N

114
002y
562

%) € Haviy

{S1INIOd T A43A3 =

..._-oo-_.--_-o-apnc-o_.-.._-o-

-

*962
Qlvy
292

[+) 2 Hdvyy

Z 1

Q

-‘gv“o--"c-._-o

»

¥

) ve s oay e ey

LY

L B ]

u.--—-ouno-unhoccuquc

09E Yy

oivy

G9u°h

095>

'35 ad 4

099"%

OIL*Y

(17 e

813y

a416°%

9569

031%°s

G93%s

0l1°s

¢91°s

031v]S CNV Q321Tvad0N YiVO

*H6¢
009y

L2

%
{*A*1)

[e} 1 Hovyd
AYABIERT SNILi0Yd

ATAaING

939 FENLIVYINIL
(V) BLIONITIAYM

L1IX3/SS N
112%3/8S1n3

€91

25091 4

3
3
3
]

A o e B A




102

fLELE 9

THEIE 09

teuie S5

*H0Ze G5

AR

*elit 0%

“970c 0¢

*60Ct s¢

TELad 0¢

~8ted Sl

teiE2 0%

0Lhe &

Channel Nurber and Wavelength (A)

EXCITATION SPECTRA

AR R R R A R R A R R A R R A A T R A R A A R R R L L LA R

i1 - o2L%e
17e ¢
X1 ¢
le .
51+ .
I* - QLL"E

Isx * + - 028'¢

- 0L8°E

= .06t

- /6t

- GL0”%

- Detty

- 0Ll

- 0Lt

Energy (eV)

. . . .
+ % Y] - Jeive

+ Xt M

+ %1 -

(syun 'qIe) Kysusiul aAReleY ST :

+ X1 *

.-_.--Ho--_oo.c_..o-_-o-_o.ov_.-.nun-.nu.un_.-.._-a..uuo-'-oo-.—-o.-_--._.-.-_.-.-_-..-—-o-._-o-._-

oi Q ] L 9 2

'y 9062 *95¢
oorE aeoy 002y
L XY [/R 4 LT-Rr4

{1) ¢ Hev¥D 1*} % HdVED ix)

€ Hayds {+) 2 HdvAD

L t 2 i i
137¥25 ONV Q371 WHNCN VLYo

*96¢ 6T > *950) d4lYvadaIL
00y 09 [v} BLIGKZIIAY? LIOX2/SS1a3
I8¢ GLZ FRA®§) AD¥INT LTIXNZT/SSInS

{u} T Hdv¥I

SHANIOD T Ad3AY = IVAUSIND ONILLICTe 391 J¥notd




103

AT TR

*116¢ 06

‘o8Le SL

“evll 0L

TLlid s9

"689¢ G9

1992 S¢

"ei9Z 05

6092 59

*gL52 0%

M TR 13

*sds2 og

0042 s2Z

*Sive 02

T0sye ST

“92%2 01

“Lo%Z ¢

IR R R EXL R

.oy .

Channel Number and Wavelength (A)

sevcjenes

[]

sene(snes|e

sejervejeres

| RARA RARES KL XS

L *+ X
R 5 ‘v X
» e X
o "
. “ +* X
RN » R ¥4
) » ' o4 X
L] * + ¥
. ‘ N i x
. . . 4X
. b X 4+
- * X +
. . ¥ X =+
b = X
. X + .
. ’ L A +
. , % X + ’
- x : LI
. X * +
X * 4
x »t
x e
X * o+ .
X L] +
x . ¢ i
X *» o+ ' :
X % 0+
X * o+ : .
X = + .
] + - ‘- .
*X *
* X ¢
- * X+ . .. .. . B
«* X+
» > x- ’
‘¥ +X
" = . x# . ;
* M X+ ~
» . X
™~ e ¥ . ‘
. * X+
. " Xe
LY +X
L] b 4
. .
. *
.
*
.
=
m - &
ol - mw
~pEe 8
=% E £
“Un = X Lud
= = * X4
nmu mw ® * "X
-— &+
wH” Wm (=N *® X
= b= - .ty
. ‘X
S & o3
Ll a "X
X
) "X
* X
.
X
%
o
- 4
. x-
(snun "qie) Aysusgu annejey o
. .e

erespeee

[ i 9
*96¢
ovrE
_£9°¢
(1} S HAVED ("} % HdvuDd

teferen Ty
| { |

S ] 3 4 1 ¢

0IZIIeWH0ON LGN 1Aw

*g6el ‘962 *9e ¥ *030)
0064 009t 005 ¢ 1Y) HEORITIAYR
b8 E L4 001 . %2t (A3} AG43N:
X3 € Hov¥o {+) 2 Hdvy9 (o} 1 Havyd

(SHINIOG T AWEAI « TVABILIND ONILLOYY ¥l

ressjeses seerfenestorrages

D N |

e e

L

ses|esanprsneesanjunnngen

09"y

[ ol

[s A

005"

013y

099°y

otL*w

9Lty

012"y

095*y

095" %

0%0°s

a411°s

091*s

C3VIS vive
NLYdTendl
11I%3/58 w3
LIIN3/SSiH2

IBNOT 3

=S

i R e




9ye2

*118

OBz

*ovid

*olLd

h 1

*ee9e

"50%¢

*8ise

*1s6e

T4

*gose

M TA 24

*os%e

tegwe

ce0ve

139

o1

S

srferes|rrreyesesfaconjonerjrerejenntjony

o1

Channel Number and Wavelength (A)

&

, ek
A 4 +
A | +X
* X +¥
X ° *® +
+t 5
*
K L]
X .
X .
X .
. X .
+* ® ..
+ X 4
» + X .
* + X *
* + X
. + X
* + X
- + '
* +
* *
« o+
x®
L ]
—
L Mw B
~lE 2
L1 e
> | = E
ol2 =
| = -
<X [~
Ll g
S 3
wl

g & 9
‘%62
Qove
§9%¢

(1) % Hdv®9 {*) 7 HdVE

9ol
00s¢
¥§°¢

X}

(syun ‘qle) Aisusjul sAleRY

v £
*96T
Q07E
L2 2
€ Hdvuo {4} Z Hdvyd

ISIINICe 1 AYIAT

96l
0oag
2

{x) 1 Hd
AVAYILKIT

Q9etYy

Gin*

5%y

« e n ey

L)
hod
-
wty

-
<+

.

GG

. e}

- 319%%

- 099

- 0lL*y

- Q9L*%

- 0%6°%y

vin*s

X e

Energy (eV)

IS

. X" .
LR
v +° -
c X .
a X .
S .
. .
- -

-
s
ot .

s

¢il*s

a491°s

Slesss|osen|snnepen

1 v}

aITvI5 CNY 0321 tvmden YAva

(¥ *90H0) Gantvidall
¥ HIOKIIZAY= LIIXZ/SS A
C LA 3) ADNSRS 113¥5/551R3

L33

ONILLONe s FeNdT3

4

W taio i e AL




A F4)

"E9 1z

b1+

9y Ct

60T

TELEL

*gred

*OLEY

ue

L3

05

S

uw

(33

o¢

Qi

v

oy

- x .
.y L
. a4
’ +Xw

MR TR 1
- -
[ +
v a +
R

- 3

- )
* *
s =
¢ &
* *

Channel Number and Wavelength (A)

e jeneege

o1

«

reprreejesa

. X
x * +
+ X
+ *
L
.
.
.
x
X
+
+ X
+
+
+
+
+
+
* + -
* +
= +*
»
x®

Fig. V.17c¢

&

spreserens

eresjecnn|oe

“peerajese

8 Y 3

(1) & Havuo

. . X
. X +
+ *
»*
L
X .
X
PR .
¥
H
X
X
X
X .
+ X
+ X
* + .
LI
L3 +
L] +*
. .
x +*
*
£
—
4] o
Ll G
o £
o [=
=3
s
S =
= @
T .
= E
Q <
WM [77]

Q-‘,-—'-.Iu!lvimlil.—litt_I...h.‘ltulll.—...l—lin!_cttc—olt -t-mll
.
v e .
. e * * -
* X+ » *
* X+ » - JLe
Y Y e .
. 5+ o .
. M . . .
. X . - .
* X + L - (2u°c
* X + * .
X + P .
* X + * *
+ ® -
* : - OLy*€
- Q&6
- JtHtE
- 30w
. .
. . .
. - GLATw
. -
. .
. .
. . ' 3
. . - 021°%
X .
X * .
X . .
x . .
X * - aLlte
S * v
. X . .
+ X N .
» + * .
» + X - mmw - Q2%
. + X . -~ -
- . X . .
* vx . 8 -
£l + X . o> .
- + X 4 [ Tl
o+ ox [T
» +X . .
* +x * .
@ 2 . .
A - e - 2Ftw
n *x* A
. et .
(syun ‘que) fysusiu| saeey e
Xt

9

R34
Cuye
g9t

(*} ¥ Hdvygy

--—u.-cwnauc_--_-u.._.-._-o-._-- forrwjosenys

[REERTEERE

4 - £ 2 I
dITYI3 LNV
hat T4 > )
Qlal . 121 WLld%3713Aen
4wy g {*A* 3} A34N3
{X) & HdvaD () & HdvHd {a) 1 Havy® -
[SIINIGY 1 AN3AT = WwAsSinl 9MIL13MWd

et

i

FILIvNA0N viva

FaLvsisdail
LIMCZ/O8INS
LI MMI/TSIAS

3210 3

i o N A




106

(F) Temperature Dependence of the Excitation Envelope

~Figure V.18 shoﬁs the excitation spectrum that led to

.emission at 2,88 eV (4300 A), at various temperatures of NaI(Tl)
Sanple #3. As expected, two exclitation envelopes are seen, at
about 4.1 eV (3020 A) and 4.7 eV (2640 A) respectively. Both
moﬁe toward 1ower‘energies es the temperature rises, in accord
with previously reported data: siﬁultaneously, the pesak
heights of both envelopes increase up to about 213°K and then
decay once more.

The detailed temperature variation of the full width
at half maximum of the 1ow energy A excitation band of Sample
-#3 is shown in Figure V.19, for emission at 2.88 eV (4300 A).
This emission energy was chesen since the excitation spectra
indicate that the dimer centre plays little part in its
excitation.

The extrapolated band width at absolute zero (L (0))
is 0.33020,005 eV, ' A straight line constructed to pass through
the origin is asymptotic to the experimental curve, and its
slope is 0,0226%0,0004 eV °¢-%, Thus from Equation III.29

the vibration freguency assoclated with the ground state

Vg
is vg = (8.9%0,9)x1012 cycles/sec, and from Equation III.17
the mean number of vibrational quanta absorbed (s} is 80:20,
Matsui (1967) performed a-similar calculation for a
NaI(Tl) sample containing 0.006 mole% of Tl and obtained

widely different results as below:-

L(0) = 0.155 eV

AR b 0



107
vg = 4,78 x 1012 cycles/sec.
s = 62
To the author's knowle&ge. the'experimental curve from which
the above results 6f Matsui were derived has not been
published., Similar data related to the emission bands, however,

suggests that the curve was defined by only three data points,
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(G) Low Temperature Emission Spectra

Figures V,20 to V.24 show the emission spectra of
NaI{Tl) Sample #1 at femperatures between 95° and 98° Kelvin,
'and excited by light of various wavelengths,

The extreme high energy peaks (marked T.P.) of Figure
V.20 are not luminescent emission envelopes but transmission
ﬁeaks, and are due to the light from the irradiation MonoO=-
chromator being scattered within; and transmitted through, the
sample. The design of the crystal mount prevénted direct
scatter of the incident light into the analyser monochromator.
Because of the nonuniform absorption of light in the region of
4,00 eV (3100 A) by the crystal, the transmission peaks
intensity in that region does not coincide with the quoted
excitation wavelength, ‘ ‘

‘Excitation at energles between 3.94 eV (3150 A) and
4,13 eV (3000 4), éovering both the A' and A excitation bands,
produces two bréad and unsymmetrical emission.envelopes
(Figure V.20), the broader at about 2.88 eV (4300 A) and the
other at about 3.80 eV (3260 A). As the excitation energy
steps across the A' band and into the A band, the high energy
emission envelope increases initially and then decreases,
whilst the low‘energy emission envelope increases markedly
and thenh remains steady. 7

Figure V.21 shows that for excitations within the A
band, from 4.13 eV (3000 A) to 4.35 eV (2850 4), the high
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energy emission envelope 1s all but absent, and the
unsymmetrical low energy envelope decreases,

The behaviour of the high energy envelope shown in
Figure V.22 for excitation in the range 4.35 eV (2850 A) to
4,77 eV (2600 A) is siﬁilar to that of Figure V.20 in that it
too rises and then falls, As the excitation ?nergy steps
across the high energy part of the A band and across the B'
band, the peak héight of the low energy emission envelope at
first decreases and then increases steadily, whilst the peak
position moves from about 2.82 eV (4400 A) to 2.88 eV (4300 A).
The peak movement and the asymmetry of the envelope together
suggest.the presence of another band in the left hand side of
- the low energy envelope, There is also evidénce for an
_emission band at about 3,28 eV (3780 A); but its intensity is
insufficient to produce all the broadening of the low energy
emlission-envelope, ' '

Figures V.23 and V.24, for excitation in the range
4,77 eV (2600 A) to 5.64 eV (2200 A)'spanning the B and C
bands, show the rapid decay of the'high energy emission, and
the steady decreasé of the low energy envelope with an apparent
siight shift towards higher energy in its bpeak position. The,
- 3.31 eV (3750 A) band is not fully resolved from the main low |
energy envelobe.‘ |

In Figures V.25 to V.29 are shown the emission spectra

for a different sample (NaI(Tl) Sample #2). Again the crystal
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temperature was between 95° and 98°K., and the excitation was
by light at the indicated wavelengths.,
Although the spectra of the two samples agree in
general outline, the following differences are noted;-
| (1) The ratios of the heights of the high to
low energy emissibn envelopes are different for
the two sampleé, as may be seén by comparing
Figure V.25 with Figure V.20, Figures V.27 and
V.28 with Figure V.22, and Figure V.29 with
Figure V.23,
(11) The high energy emission envelopes of
Figures V.25, V.27, and V.29 appéar to be com-
prised not of single bands, but of several over-
lapping and unresolved bands, The arrows 1ndiéate
fine structure peaks that occur on more than one
;grapho |
| (1i1) The low energy emission envelope for
Sample #1 is distoftéd from the pure Gaussian on
its high energy side mdre than is the corfesponding
curve for Sample #2, This may be seen by comparing
Figure V.26 with Figure V.21, Figures V.27 and
V¢28'w1th Figure V,22, and Figure V.29 with Figure
V.23,
In Flgures V.27 and V.28 the small emission band at
3.31 eV (3750 A) is again noted. o
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The previous 10& temperature emission data shows that
the . high energy emission envelope is excited only by light
within the A' and B' bands, and is thus associated with the
(Tl*)z dimer centre., The low energy,emissioh envelope,
however, is excited by light within the bands of both the
monomer and dimer centres,

A direct comparison of three samples used is afforded
by Figure V.30, showing the emission spectrum of each crystal
at low temperature and excited by light at 4,68 eV (2650 A)
from the B' band. The three curves are normalized at the
peak height of the low energy envelope, and graphically show
that the intensity ratio of the high to low energy envelopes
varies among the samples, This most probably is explained
by the difference in dimer/monomer ratidé. which results from
-a variation in T1* concentration among the three samples.
Retufning to Figures V.27 and V.28, the small emission band at
3.31 eV (3750 A) is again seen under excitation from the I° B
- band on the low energy side of the B' excitation band. Thus,
in accord with the excitation data, the‘3.31 eV band is
assoclated with emission from a centre unrelated to the monomer
or dimer centres, | | |

Van Sciver (1960), in studying the luminescent and
reflection spectra of NaI'crystals'groanunder various
conditions, observed an emission band at 3¢31 eV (3750 4)

which he attributed to a stoichiometric excess of I2. This
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emission was excited at 83°K. by two bands at L,85 eV (2560 &)
and 5.47 eV (2270 A), both of which lie on the high energy
side of the I' excitation band. Also, the emission was
absent in crystals doﬁed with 717 -thus i1t seems unlikely
that the 3.31 eV emissidn and I' excifation band seen in the
present study are due to a sﬁoichiometric excess of 12.

Another poSsible-explanatioh for the 3.31 eV (3750 A)-
emission band, is that it results from a centre consisting of
several T1* ions in near neighbour positions; thaf is, an
'aggregate centre. Such s centre could eiﬁlain an excltation
band on the low energy side-of the B’ band, but would reguire
the presence of an additional band on the low energy side of
the A' band. An "“aggregate A excitation band" was not
observed; nelther was any emission at 3.31 eV seen when
- samples were excited at energies below the B' band.

- Further, sincé aggregate centres would occur
pre@ominantly at high T1* concentrations, the Pronounced
3.31 eV'band of Sample #3 in Figure V.30 would require that
iSample #3 have a higher Tl1* concentration than the other two
samples., Such is not‘the case, as seen from the relative
heights of the high energy dimer emission bands. It is
concluded that the 3.31 eV (3750 A) emission band results

from a centré‘that is presently unidentified,
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(H) Lo% Temperature Emission Envelope Shapes
Figures V.31 to V.34 show a selection of earlier.curves,

normalized to the peak height of the low energy emission
envelope, so that changes in peak shape and position due to
" unresolved bands maf be detected more easily,

In Figure V.32 the sample is excited by light in the
A band, while in V.34 it is excited in the B and C bands. The
characteristic monomer emission is seen at 2,88 eV (4300 4)
and the envelope shape does not change appreciably as the
emission energy varies, although the peak is decidedly
asymmet£1ca1. However; for excitation in thé A' and in the
Bf dimer bands, Figures V.31 aﬁd V.33 respectively show that
as the high energy dimer emission decays, the low energy emission
envelope rises on its high energy side and falls on its otherr
slde., It is suggested from this data that the low energy
emissionjenvelope consists of at least two bands; one attributed
to the monomer centre and the other to the dimer centre.
Since the envelope 1ncreases-on its left hand side and
‘decreases on 1ts right hand side as the excitation energy steps
from the dimer 1n£o the monomer excitation band, the dimer
emission must ocecur to the low energy side of the monomer
emlssion,

The high and low energy emission envelopes of Pigures

V.22 and V.28 are shown, each separately normalized to the

same peak'height, in Figures V.35 and V.36; The high energy

e A R A K i
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emission envelopes are shown in parts (a) of the figures, and
the low energy envelopes in parts (b). Although the high
energy dimer emission envelope does not appear to change shape,
the low energy envelopes clearly show the varying dimer and
monomer contributions, as the excitation energy increases
across the B' and B bands,

The T1" monomer ion is surrounded by iodide anions,
80 that the optical transitions In question are those allowed
between the levels into which the free Tl ion states are
split by the crystalline field of cubic symmetry, As mentionéd
in Chapter IIT, the allowed electric dipole transitions are
thbse»between the ground A; level and the excited T; levels,
Thus as the A excitation band has alreadj been associated with
the absorptive transition

'so— e, ('.c\l_frI )

the low energy monomer emission band at about 2.92 eV (h250 A)

. 1s assigned to the reverse transition.

- Uchida and Matsui (1965) and Matsui (1967) noted that
although (Tl*)z molecules do not exist in a free state, they

are 1soe1ectronic to (Hg+)2 molecules, the electronic-structure

of which has been studied by Finkelnburg (1935), Mrozowski
t(1934; 1937, 1937a), and Mulliken (1930). Assuming that a

similar treatment 1s valid for the ﬂﬂf)g dimer centre, Uchida
and Matsul assigned the A' absorption band to an electronic

transition between the ground level and components of the

R T e i Y
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3ﬂ (&ﬂ) level that are nondegenerate under the reduced
symmetry of the dimer. Since both the high and low energy
dimer emissions are excited by absorption in the A' band,
they were attriﬁuted tortransitions between the 3% component

levels and the ground state, This assignment, used in

»conjunction with polafization experiments, supported the

suggestion of Yuster and Delbecq (1953) that the (Tl+)2

dimer centre is composed of two'Tlf lons in nearest neighbour

‘positions, embedded in a crystal field of Cy, Symmetry. The

dimer orientation was thus concluded to be along the <110>
cuble face diagonals,

Similar experiments conducted by Herb et al, (1968)
agree with those of Uchida and Matsuli insofar as the A* band

is assigned to components of the 391 level. Howevef, the dimer

‘orientation was found to be along the (100) direction, resulting

in a2 modification of the energy level scheme of the (Tl+)2
dimexr proposed by Yuster and Delbecq (1953). The higher Dy,
symmetry does not completely remove the cubic threefold |
degeneracy of the monomer exéited states as does Cay éymmetry.
The resulting (E ) levels are doubly degenerate, and the other
(A2 or 32-) levels are singlets. The A' band is assigned tq
the split'3T] ‘level, and ‘the B'.band to the split 31, level.
Figure V.37 shows thelenergy level splitting under the two

symmetry conditions discussed._

The orientation of aumuch lighter dimer centre in

R A, R L
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elkali halides has been determiﬁed by Mabuchi et al (1966),
'_Their results for (Ga+)2 agree with those of Herb et al.
(1968). :
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Fig. V.37

Energy Level Schematic of the Thalious lon
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(I} Room Temperature Emission Spectra

Figures V.38 to V.40 show the emission spectra of
| NaI(Tl) Sample #1 at ;oomﬁtemperature, excited by light of
various wavelengthé.

On the basis of»the low temperature observations, it
'is seen that Figure V.38 indicates the presence of two very
broad and overlapping,envelopes, wifh peaks at about 2.96 eV
{4190 A) and 3.?0 eV (3350 A). along with the transmission
peak for excitation at 3.9§.ev (3150 A). The intensity of the
high energy-envelope 1s‘séen_to decrease, while that of. the
low energy envelope incréa§§s under excitations thét span
the A' band, and step into th; A band; that is from 3.94 eV
(3150 A) to 4.06 eV (3050 A)., Although the‘excitation range
in Figﬁre V.39, from 4,14 eV (3000 A) to 4.35 eV (2850 a),
covers the A band and includes the A' band only at thé lower
energy.excitations. both moﬁomer and dimer emissions are
excited over the whole excitation range, Both envelopes
progressively decay as the excitation eénergy increases,

Fresented in Figure V.40 are the emission spectra
taken over-the excitation range 4.35 eV (2850 A) to 4,68 eV
(2650 A), which covers the extreme high energy side of the A
band, and the unresolved B' and B bands. As the excitation
steps out of the A band region, the monomer component of the
low energy enVelope on its left hand side is seen to decay as

expected. The low energy side of the envelope containing the
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dimer component decays to a lesser extent, because the
excitation window cented on 4,43 eV (2800 A) embraces the low
energy tail of the B' band., Excitation at 4,51 eV (2750 4),
which lies predominantly in the B' band, results in preferential
emission in the dimer component of the low energy envelope, |
causing the peak to move towards the right. Excitation at
higher energies also includes. the monomer B band, so that both
the dimer and monomer components are excited,

The 3.28 eV (3780 A) band is again seen under
excitation at 4.43 eV (2800 A) in the I' band, but is not

indicated at room temperature on any of the other graphs,
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(J3) Temﬁerature Dependence of the Emission Envelopes

The temperature variations of the low energy (2.88 eV)
emission envelopes (Sample #3) are shown in Figure V.41a, The
excitation with light of energy 4.00 eV (3100 A), lies

predominantly in the A' band but also overlaps the low energy

tail of the A band. The peak height is seen to rise and then

fall, the width to increase steadily, and the apparent peak
position to shift from 2.87 eV (4320 A) to 2.98 eV (4160 4)
as the.temperature rises, The high energy emission envelope,
unresolved from the tfansmission peak, is off scale at the
left hand side of the diagram.

In order to emphasize the change in envelope width,
the above curves are nofmalized at the maximum of the low
energy emission peak and redrawn in Figure V.4ib., The low

energy tail of the envelope shows, with increasing.

'temperature, a small enhancement which may be due either to

temperature broadening or to the presence of another band in
the region of 2.5 eV (4950 A).
In Figures V.42a and V.43a are shown the temperature

variations of the emission envelopes of Sample #3 irradiated

- by light of energy 4.2 eV (2950 A), from the high energy side

of the A excitation band. Over the temperature range from
near that of liquid nitrogen to room temperéture, the pesak

height of the low energy enﬁelope?shows erratic behaviour,

‘wnilst its width steadily increases and its apparent peak
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position moves froﬁ 2.85-eV (B350 A) to 2.95 eV (4200 A).

The high energy emission envelope at about 3.80 eV (3260 4A)

steadily increases and broadens, and is at no temperature

completely resolved from the low energy envelope,

Again to emphasize the marked cﬁange in peak shape,
the above curves are normalized at the peak of the low energy
emission envelope, and redrawn in Figures V,42b and V.43b.

The small shoulder at 2.5 eV (4950 A), noted in Figure V.41Db,

is still present in Fiéure V.42b, The fact that it does not

continue to grow in Figure V.43b suggests that the shoulder

arises from an unresolved emission band, and not from a

- temperature broadening of the envélope;

The temperature variations of the emission envelopes

of NaI(Tl) Sample #3 excited by light of energy 4.68 eV

(2650 A) within the B' and B bands are shown in Figures V.44
and V.45, As before, parts (a) show the corrected spectra,
and parts (b) the same data normalized at the peak of the low
energy envelope., | |

As the temperature rises,‘the high energy emission
envelope at 3.80 eV (3260 A) decreases in height relative to

the low energy envelope-at about 2,88 eV (4300 A), and both

“envelopes broaden simultaneously. The height of the low energy

emission envelope again behaves erratically as the intensities

-of the underlying bands vary with temperature, In addition,

the 3.28 eV (3780 A) emission band, excited by the I' band,
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is again seen partially resolved at the lower temperatures,
but is obscured at room temperaturé. In Figure V.45, beforer
the high energy envelope (3.80 eV) has broadened appreciably,
the_shoﬁlder in the region of 3.61 eV (3430 A) is seen,
Distortion.of the low energy envelope is evident in the region.
of 2.5 eV (4950 A). The small peak that appears at 2.34 eV
(5300 A) in both figures is the transmission band seen in'
second order by the analyser monochromator.

In Figures V.béiand V.4? are shown the temperature
variations of the emissiqn envelopes excited in Sample #3 by
light of energy #.86.eV (2550 A), within the B band. Again
the corrected and normalized curves are shoﬁn in parts (a)-
and (b) respectively of each figure.

At low temperaturés. the height of the high energy
-envelope relative to that of the low energy one is less than

in the previous case, which involved excitation in the B®

e 0 s N A 8

band as well, Although‘both the high and low energy emission

envelopes broaden as before, the small band at 3.61 eV (3430 A)
is not noticeable, and the shoulder at 2.5 eV (4950 A) is seen
‘only at the lower temperatures on Figure V.héb;

The detailed temperature variation of the full width
at half maximum of the low energy emission envelope in Sample
#3 is shown in Figures V.48 and V.49, In Figure V,48a, the
sample was excited at low temperature by light of 4.00 eV

(3100 A), from the A' band. As the temperature rose, the
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shift in peak position and the broadening of the excitation

- bands resulted in excitation within both the A’ and the 4
bands., Figure V.48b, showing a similar curve, wés‘excited at
4,20 eV (2950 A} which lies entirely within the A band at both
low and high temperatures.

The two curves of Figure V.48 indicate that excitation
within both the A' and A bands does nbt produce an emission
envelopé that broadensimore rapidly than the one resulting
from A' excitation:-only. However, at low temﬁerature,
excitation within the A' band alone (Figure V.48) produces an
emission envelope that is noticeably narrower than that of
Figure V.48b, |

In Figure V.49, excitation at-the lower energy of
k.68 eV (2650 A) is centred on the B' band at low temperatures,
but includes also the B band.as the’temperature rises,
'Excitation at the higher energy of 4.86 eV (2550 A) spans the
‘monomer excitation bands at both high and low temperatures,
-.Again, the dimer excitation results in an emission envelope
that is initially narrower than that produced under monomer
excitation,

The direction to the origin is mérked on Figures V.48
- and V.49, From Equation III.24 and Figure III.4, this line
shduld bé asymptotic to a line joining the high temperature data
points, provided the points are characteristic of = single

emission band. Previous data has clearly shown that the low
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energy emission enﬁeldpe consists of more than one band, and
the convexity of the curves in Figures V.48 and V.49 to the
line through the origin lends additional suppbrt to this
argument, |

Attempts to construct similar cﬁrves for the high
energy emission envelope failed due to its rapid decay and to
loss of resolution as the temperature rose,

For the curves in Figures V.48 and V.49, the
- extrapolated band Widthsrat abgolute zero (L(0)), the slopes
of the:lines through the origin, the vibrational frequencies
(ve ) calculated from Egquation III.29, and the mean number of
vibrational guanta emittéd (Sg) calculated from Equation III.17,

are given below:-

Fig. jExcitation|L(0) : Slope . Ve Se
# Band eV eV 9K-% cps

V.48a A" + A 0.405%,005{0,0340%;0007 |(5.9+0
V. 488 A 0,430+%,005{0,0352+,0007 {(6,3£0
V.49 B' + B 0.405%,005[0,033 % ,00% {{6,3%0

JA)1012] 275200
4)10121270£40
«5)1012] 245150

The above calculated values of the excited 3?l state vibrational
frequency are probably somewhat too large due to the presence
of both monomer and dimer emissions under the low energy
envelope, This would yield too large a value for L(0), but also
too large a value for the”slope of the line through the origin,
so that to somerextent the two soﬁrces of error cancel.

The results of Matsui (1967), quoted below and

calculated from a graph consisting of three data points, are
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again at variance with the present data.

L{0) 0.22 eV

v, = 1.47 x 1012 cycles/sec,

]

se = 1300
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CHAPTER VI
CURVE FITTING

{A) Introduction

. Until a few yeafs ago the lack of a fast method of
‘making ieast square fits of data to arbitrary functions was
& major obstacle to experimenters and statisticians alike.
With the adventrof.high speed automatic computing devices,
however, it became possible‘to solve the "least squares
problem" by a method proposed long ago by Gauss,--a ﬁethod
whnich although simple in concept 18 computationally
complicated,

A least squares fit of data -to some function is‘usualiy
attempted for one of two reasons:- |

(i) It may be édvantageous to represent a data set
by a function whose mathematical form is immaterial. One
merely requires a convenient method to express = large quantity
of information, or possibly to draw a smooth curve through a
set of data points. In either case, it is important that the
same result can be obtained by any person using the same
functional relationship between the experimental variables.
(11) One may wish to fit data to a particular function,

the constants or parameters of which have a definite physical
or theoretical significance., In such a case it often is

possible not only to compute the values of the parameters, but
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also to obtain some measure of the errors to be associated

with them.

(B) The Gaussian Fitting Program

As indicated in Chapter III, individual emission and
excitation bands are'expected to be approximately Gaussian in
shape. Thus, attempts weré maﬁe to fit each experimental
spectrum to & single Gaussian distribution, or to the sum of
several Gaussians. ;

Initial fits were attempted at a time when the only
bonveniently availﬁblercomputer was an I,B.M, Model 1620 with
a 26K core memory., This machine was used to develop a program
that fitted Gaussians to an experimental spectrum by a
teﬁhnique which, although less reliable and less versatile

than that of least'squares. was much simpler. The program

could thus be contained within the small memory, and

computation did not consume excessive time,

The subsequent availability of an I.B.M. 360/65
machine permitted the use of a much more sophisticated .
program, embodying the least squares technique, The original

version of the program ﬁas written by Putnam, Gipson, Helmer,

and Heath of the Phillips Petroleum Company in a mixture of

Fortran IV and another computer language, neither of which was

compatible with any compller then available at the Manitoba

Computer Centre. Accordingly, the whole program was rewritten

_ 1n'Fortran_II. along with many modifications and improvements.

)
e
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The final version is described in Appendix II, together with
the detailéd theory of the least squares method,

The Titted curve has the functional form:-

N X — Xoj 2
- 2 ), [t aen”]

i=

+ax + b _
as indicated in Appendix II. By setting(?i” and G<2jequal to

zero, “"pure" or undistorted Gaussians may be fitted. For non-
Zero values.of the & terms, distorted or "skew" Gaussisns may
be used, |

Before the program could be employed usefully, a
number of questions had to be answered. Paramount among them
was the question, "What are the criteria of a good fit?" This
question was particularly relevant’since the fitting procedure
requires the solution of a set of non-linear equations, there
being thus no guarantee that a sélution exists or that, if
one does exist, it is unique. In the course of fitting several
hundred data sets, never more than one fit to the same data
was encountered using a given number of Gaussians;. However,
the question still is valid, since a given experimental
envelope céuld invariably be fitﬁed with different numbers of
Gaussians,

A fit was judged to be satisfactory if the following
conditions were met:- ' |

(1) The fitted pérameters were physically reasonable,
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This presented little problem for constants sﬁch as peak
heights or positions that could be estimated directly from
the curves, but led to considerable difficulty in choosing
realistic values fox'a(l,c(Q and their associated exponents,
my and mp. This point will be reviewed later.

(11) Clearly the best fit that can be obtained to a
- data set of (n) points using (p) variable parameters occurs
when the weighted .sum of the squares (R2) of the deviations
between the experimental points (v, ) and the calculated

points'(yé) is & minimum.
n

2
e L2 E : -
teeo Rmin = W&n-w}

i=1

where w; is the weight associéted with each point of the data.
It can be shown (Hald, 1952) that when the i-th point of the
data is correctly weighted by a fgctor DG?( o = standard |
deviation of the i-th point), then the ratio Rﬁm/b-p) R
called the variance of the fit, is close to unity. Thus fits
-yielding values of this ratio élose to unity were sought., If
the variance-of the fit is signifiéantly different from unity,
it implies either that the set of weights associated with the
data 1s incorrect or, more frequently, that the function does
not adequately represent the data. . | |
(1ii) The fitted parameters were required to be

significantly different from zero, since if the computed
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-confidemce interval of any parameter embraces the value of
zero then that parameter is no? statistically different from
zero and should not belincluded in the fitted function. This
argunent, hovgevero is somewhat clrcular in that, for the
- confidence intervals to be realistic,.the variance must be
close to unity. A& large varliance gives rise to a broad
confidence interval, falsely implying non-significance,

(iv) The deviations between the fitted and experimental

" points were reguired to be randomly positive and negative.
ﬁonurandom grouping of the signs of the deviations ﬂyi
indicated & poor fit,

In practice, the biggest disadvantage encountered in
using the least squares method of Gauss was the frequent
occurrence of non-convergent fits. A4 more recentiy developed
method {(Wilk, 1958), which utilizes the second derivatives of
the function, may avoid this problem. |

Non-convergent fits sometimes resulted from an
incorrectly chosen initial estimate of one or more parameters,
but more often from a poor choice of upper and lower limits.
The required accuracy of the initial estimates of the parameters
was found to depend on each particular problem. On some fits
to a single pure Gausslan, convergence was obtained with
initial estimates that were in error by three orders of
magnitude. On other fits to a single undistorted Gaussian,

‘convergence wés not achieved with initial estimates that were
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within 10% of the known correct values.

(C) Gaussian Fits to the Experimental Data

At the outset of the fitting attempts, it was
apparent from the asymmetrical shapes of the emission and
excitation envelopes that considerable difficulty would be
encountered in achieving good fits. Accordingly, two methods
of attack were employed: the fitting of multiple pure
.Gaussiéns. and the utilization of the distortion terms. It
wasi:hoped that at least one of these techniques would yield
physically meaningful fits. The results are described in
sections (1) and (2) below. In both sections, the peak
positibns and full widthé at half maximum of the'quoted fits
are staéed in terms of "channel numbers” that are proportional

to an energy scale.

For most of the fits attempted, the weights associated =

with the experimental data points were incorrect. An
~auxiliary experiment had established that the realistic
absolute error associated with a peak height_measurement (y)
was /y , and the correct weighting thus 1/y. Following
correction of the spectra, this so-called "statistical”
weighting was no longer appropriate.rbut was used erroneously
with the corrected speétra. The correction program was
subsequently modified to-determiﬂe the correct welghts., AA

number of curves that had been fitted using the statistical

weights were refitted using the caléulated weights, so that the

. P 3 T S 3 o N o LA L ' ki o 00 0 om0 e omm sy 4 .
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ihcorrect and correct Gaussian parameters could be compared,
" The results are shown in Table VI.1., Fits A, B, and C were
to a single fairlj symmetrical peak, and fits D and E to
>spectra consisting 6f two well resolved peaks which were of
radically different heights. Fits P were to a spectrum of
two poorly resolved peaks of radically different heighfs.
fable VI.1l shows the variance of all the fits to be low,
includiné those using the correct weights, suggesting en
incorrect functional dependence between the variables, énd
- overly small confidence intervals. For comparisons A, B,

C, D, and E the fits agree remarkably well, only the width
and &; values of C end the «, values of C, D, and E differing
'by more than their resﬁective confidence-interﬁals. In f'it D,
using the correct calculated weights, the Oﬂ term is seen to
be insignificant since its confidence interval includes the
value zero, Aithough the incorrect weighting predicted a
significant ¢&{; term on this fit, the variance is very small
{0s11). Thus for resolved peaks, the error is not too serious,
In comparison!F, the wider variation was expected since the
unresolved peak of smaller height was more significant under
statistical weighting than under the correctlyidetermined

weights,

(1) Pure Gaussian Fits

‘Many attempts were made to fit undistorted Gaussians



Table VI

o Statistical Weighting (Incorrect ) H Calculated Weighting (Correct)
Fit ‘ -
Peaks ) Position Width X . i ) Position Width P ”
Peak Height} (Channel) | (Channels) Ay &2 V| Peak Heighlj (Channel ) (C;\cnnels) “N1 “N2 M
' 174%-4 |-16%-3 5 ) 9 % ~16%-1
A 1 1014 29 §144-712-07] 12-4%-2 6 0564 1007+3 N44-72+-02] 12-58 +-06 0.47
%105 x10 4 E x10~¢ x10 ~4
. 16 T4 -15%-3 1222 |-15 21
B ] 1010 £8 [144-682-061 12.3%.2 - 0-431 1006% [144-69%-02) 12:-48%-05 0-35
x1073 - %104 x107° x10~4
' ‘ : 14%E4 [-14%-3 74 % =13 £
C 1 1016 £ 9 [144-63%-07] 12342 14 0-535 1009+ l44-64%.02] 12-59%-07 I L 0-63
x10~5 x1074 g x107¢ x10™* '
o - -3+ 1 —14%3 N -3 %] -12 %3
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2 1040%-9} 1143 £-3 39 %] 011 § 103829 | 114-3 +.3 40 *) 2 8 0-78
\ x10-7 x1075 g x1077 <106
4
-7+ —19t4 -4 -1.8%-3
2 907 5 [ 6506%-05| 235%:1 0-20fi 1004%3 | 6509t-03{ 23-33%.07 , 0-91
x1077 X107 ‘ x10°7 x10~ 3
E < ———— : S
63 -19t.7 : 3 |17+
2 10421 {1145%5 40 *1 0201 105%t1 | 11442.4] 39 % 83 6 091
L x1077 x1073 x10~7 x10 =5
- -3 —10%:5 —t4d-4 =24z
2 1011 ¥20§ 671 *1 27.8%*-3 _ 0 025 82440} 66811 | 269 %2 2425 081
x1078 x10 -5 | x10~6 x10=5
Fm
1 £5 ~11 %2 . 1424 | =35 3
2 102 %1 | 1154%.6 423 025§ 102 *1 n52%.7 55 %) 5 0-81
x10~7 x10~% x107¢ x10~5
m'l = 4
V = Vaoriance of Fit mp = 3
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to the emission and excitation envelopes of NaI(Tl). &

- greater measure of success was attained in fitting to the
latter, since the exclitation envelopes are generally the more
symmetrical, in fact, no entire emission spectrum was
satisfactorily fitfed, although a few fits over the low energy

envelopes were achieved., One of the better fits is shown in

Figure VI.1, and the fitted parameters given in Table VI.Z2,.

TabDle Vlesd

Gaussian Peak Helight Position Width

Number {Channel) (Channels)
1 213 £ 6 42,2 0.4 17.2 £ 0,9
2 999 * 7 63.4%0.1 | 20.3 £ 0.2

Variance of the fit 0.58

The room temperature excitation spectrum of Sample #3
: for emission at 2.88 eV (4300 A) is shown in Figure VI.2.

Using two Gaussians, the initial fit to this spectrum was
ipoor. This fact, together with the presence of the shoulder
‘on the leff of the taller peak, justified the fit with three
Gaussians. Both fhe two and the three Gaussian fits are shown
“in Figure VIEZ. and the calculated pargmeters given in

Table VI, 3.

e B
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Table VI.3a
2 Gaussians fitted
Gaussian Peak Height- Position . Width
Number {Channel) {Channels)
1 21010 38,8%0.8. 14 *1
2 1080 40 53,7+0.1 -  B.4t0,2
Variance of the fit 6.7
Table VI.3b
3 Gausslans fitted
Gaussian Peak Height Position Width
Number (Channel) {Channels)
1 215 3 38.,3%0.2 13.2+0,3
2 7Lt 40 51.4%20,3 7.0x0,4
3 750 £ 80 56,4%0,2 5.7t0,2
Variance of the fit 0.4

As expected, the fit with three pegks is visibly much better
éh;n the fit with fwé-peaks.

Encouraged by this success, attempts were made to
' 'obtain fits over a'ﬁide temperature range to the excitation
spectra leading to emission at 2.88 eV (4300 A).in Sample #3.
411 of the spectré were of similar shapé to that of Figure Vi.2,
and were fitted with three pure Gaussians in roughly the same
rositions as those in Table VI.3b. The results are shown in
. Figures VI.3 to VI.6 where the fitted parameters are shown as
 functions of temperatﬁre. | o

Figure VI.3 showé the wvariance of the fit as a functién
of temperature. The exceptionally high{variance at 1339K
_resultéd from a non-convergent fit. However, the non-convergent
Vparameters fitted at 133°K and marked on the other figures by

circles, are reasonable, " Indeed, the agreement between the
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Fig.VI.3
Pure Gaussian Fits

T 269 Variance of the Fit

1'00 150 200 250
i | . ] i

Tempeature ©°K 1

non~convergent envélope and its data set was visibly as good
as that between convergent envelopes and their respective data
sets, The errors associated with the parameters of the non;
convergent fits were'exceptionally large, as expected from

the variance of 269. For temperatures above 200°K the mean

variance of the fit decreases from approximately 1,2 to 0.3,

Only the full width at half maximum of peak #3 in Figure VI.6
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shows a pronouﬁced drop in the fegion of 200°K.
| The heights of peaks #1 and #2 (Figure VI.4) fitted
t§ the low energy excitation envelope vary inversely with one
enother, The full widths at half maximum of Figure VI.6

behave similarly, whilst the fitted peak positions (Figure VI.5)

. move in the same direction.

These results initially were thought to be disappointing,
since it was hoped to establish the movements of band positions,
and their variations in width, as functioﬁs of temperature.
‘ﬁowever, later work revealed that the left hand peak of
Figure VI.2 consisted'of at least three bandé. and the right
hand peak pfobably of two., Thus #he peaks of F;gure VI.2 are

only approximately Gausslan at best,

(2) Distorted Gaussian Fits
Simply by plotting the sﬁectrum to be fitted, it was
usually possible to select appropriate initial estimates and
- limits of the peak heights, widths, and positions. Howe#er,-
‘the initial estimates and limits of the ®K-values and their
assoclated exponents m; and m2 have no obvious graphical
manifestation, and so had to be determined by other means,

_ The method of determining realistic upper and lower
limits of-the,d-values is described in detail in Appendix II,
and was employed after selection of the values of my and mp.

. The above selection was empirical: Tfits were made to selected

emission bands of NaBr(Cu) and NaI(Pure) at room and liguid
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nitrogen temperatures. The spectra were taken on the same
equipment and under the same conditions as the NaI(Tl) data,
and were chosen since their band symmetry at both low and high
temperatures 1ndicated that»they could be associated with a
transition between only two electron levels. The selected
spectra were fitted with m; and mp values set at all possible
combinations of the ihtegers 1 to 9. The quality of the fits
- was judged on the basis of the previously mentioned criteria

with the results indicated in Table VI.4. Clearly the best

Table VIQL"
Sample Temperature Best Values |2nd Best Values|3rd Best Values|
Fit : of mj and mp| of my and myp of my and m, 3
NaI(Pure)|Room Temp. 4, 3 6, 3 8, 3 E
NaI(Pure)|Lig. No Temp. 6, 3 - 8, 3 several :
NaBr{Cu) {Room Temp, &, 3 6, 3 - g
NaBr(Cu) |Liq. Ny Temp. b, 3 6, 3 : 8, 3 ' 5

.combination consists of one even and one odd exponent, The 3
values 4 and 3 were adopted thereafter. _Figure-VI.? shows ﬁhe
NaI(Pure) band at room temperature, fitted with a Gaussian -
"having m-values of 4 and 3°4 Table VI.5 shows the corresponding

fitted parameters.

Table VI.5
Gaussian Peak Height Position | Width & x2
Number {Channel) | (Channels) x10=5 |x10~
1 101018 1, 475,06 | 12,3%,2 1.6T.4)-1,5%,3
Variance of the fit 0.43 g
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Distorted Gaussisns were fitted to the excitation data,

an example being shown in Figure VI.8, and Table VI.6,

Table VI.6
Gaussian|Peak Height|Position Width o A
Number i _ 1 2
1 169%4 11. 45,4 121k (-6%20)10-5  [(1x3)10-3
2 256+ 32,7%,1 11,3%,7 [(1.6%.7)10-5 |(-8%3)10-%
3 1006+8 50,41%,03 | 8,00%,08](~2.4%,2)10-%|(0,8%17)10=5
Variance of the fit 0.26 '

The arrows on the figure indicate the direction of the imposed
distortion, The negative ordinate gssociated with the right
hand peak, and the side band with'the éentfal peak are
physically nﬁreasonable; resultihg from the&-terms. _Table.
'VI.6 suggests that both of thed& ~-terms of the left hand peak
and theafl—term of the right hand peak are insignificant.
Attempts to confine the aboved -terms to physically reasonable
limits (see Appendix II) met with complete failure, It was
found that no spectrum, having given a convergent but unrealistic
~fit, could be forced into convergence with reasonable valués |
. of the parameters, | .

The attempts to fit both pure and skew Gaussians to the
experimental data did not reveal any new infbrmation, but did
enmphasize that 1eaét squares fitting, while not a panacea for
the problems encountered'ﬁith large qughtities of data, can be
Vemployed usefully if the‘correct-number of peaks and the

functional dependence are known with some confidence,
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CHAPTER VII
CONCLUSIONS

The following conclusions may be drawn from the

present study.

(4) General Conclusions :

By reference to the absorption spectra, the principal

xcitation and emission bands of NaI(Tl) may bé associated
with the T1” monomer and (T1'), dimer centres. The T1'
content of the crystals used ( 0.2 M%) was such that the
emission spectrum of the monomef centre could not be com=-
pletely isolated from that of the dimer. The overlapping of
the emission spectra of the two centres made it impossible to
determine separate vibrational frequencies for the states of
the two centres. Without these sepérate values. the con-
figurational coordinate diagrams cannot be drawn. However,

the estimated vibrational frequencies:-

12
vy = {8'9 0-9} 10 c/s
v, {6Q 04}1O]2cﬁ

is some kind of average value for the monomer and

i+

I+

where Vg
dimer ground states, and v, is a simllar average for the

monomer and dimer excited states. The values are certainly
of the correct order of magnitude and probsbly represent the

best estimates currently available, A more accurate
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determination of the vibrational frequencies of the monomer
centre could best be achieved by using crystals of very low

Tl+ content, preferably less than (0.001 M%.

{B) The Monomer Centre

(1) The 2.88 eV (4300 A) emission band is attributed
to the 3P1———180 transition of the monomer centre in agreement
with other workers (Matsui, 1967; Van Sciver, 1964). Since
no monomer emission 1s seen at higher energy, it is assumed
that such emission lies under the fundamental absorp?ion
edge of the host Nal,
| (2) The monomer emission at both room and liguid
nitrogen temperatures was éxcited predominantly by the absorption
ofrlight in the A, B, and C bands, but also by light in the
A' and B' bands. This fact indicates that the dimer
éxcitation can becomeglocalizéd at one of the constituent

monomer centres and give rise to emission that is identified

a5 monomer emission., Such emission may be perturbed by the
prpximity of the othér constituent monomer centre. The new
emission band seen at 2.5 eV (4950 A) may result from such a
perturbed monomer. | . |
(3) The point of inflection in the A excitation band _ %7
wnich appears with higher it concentrations was found not to
be due to equipment limitations; as 1mpiied by Matsui's (1967)
paper., Instead it is guggested that the A excitation band

consists of two unresolved components, one due to the monomer
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centre, and the other to the perturbed monomer centre.

(4) The small movement in the low temperature peak
position'of the A excitation band may result from structure
within the monomer aﬁsbrption bands. Structure due to the
Jahn-Tellexr Effecti'has been observed in other doped alkali ' %
halides by Fukuda (1964), Kamimura and Sugano (1959), and | 7
Pukuda et al., (1967), and may also-be operative in NaI(Tl).

(€) The Dimer Centre -

(1) The dimer centre has two emission bands. The high
energy band was found at 3,81 eV (3250 A), and the other lay
in the region of 2.88 eV (4300 A) to the low energy side of
the monomer emission. These observations agree well with other
workers.,

{(2) Emission in both dimer bands was excited by the
absorption of light in both the A' and B' bandé, suggesting
that the two excitéd states are coupled in some way. Although
the detailed nature of the coupling is not known, Kamimura j'
. and Sugano (1959) have indicated Ey theoretical arguments i
that certain monomer electfonic levels couple by means of
tetragonal or trigonal vibrations of the excited centre.
There is no explicit mention of .such coupling in discussions %g
of other experimental work on NaI(Tl), |

(3) The dimer centre was found to luminesce with én
efficiency about 100 times that of the monomer centre., If

the dimer/monomer ratio in a crystal could be increased beyond
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that prédicted by statistical considerations, then, in theor&
at least, one could produce an abnormally efficient phosphor
or scintillator. It may be possible to produce a super- |
abundance of "alloyed dimers"»by paliring 71" ions with smaller
ones, such as Li*, since the smaller ions would tend to
migrate to the Tf‘centres, thus minimizing the lattice
distortion stain energy associated with both impurities. To
the author's knowledge, the optical properties of "alloyed

dimers" have not been investigated,

(D) Additional Observations

(1).An emission band at 3.31 eV (3750 A) was observed
together with its excitation band (I') at 4.56 eV (2720 A).
These vands are:not rélated to the monomer or dimer centres,
or to a stoichiometric excess of iodine in the crystal
‘lattice, but result from a cenﬁre that 1slpreéent1y

- unidentified. An emission band at 3.31 eV (3750 A) in NaI

A B A i B AL 0 R S8 8 s e b e e -

~{Pure) is currently under 1nvestigationlby Watson (1969),

(2) The fine structure components seen in the emission
spectra (Figures Ve25, V.27, V.28) are not individual vibrational
fransitions since their energy spacing of about 0.04 eV is
ot least twice the spéﬁing of the vibrational levels, The g;
source of this structure is presently unidentified.

(3) The extensive use of-Gaussian fitting programs is
riunprofifable without prior knowledge of both the number of.

peaks and their approximate parameter values,



REFERENCES

Aoyagi, K. and Kuwabara, G., J. Phys. Soc. Japan 15, 2334 (1960).
Bjork, Re Loy Phys. Rev. 105, kg6 (1957).

Born, M. and Huang, K. H., "Dynamical Theory of Crystal Lattices,
: Ooxford University Press, Oxford, p. 166, 1954,

Born, M, and Oppenheimer, J. R., Ann. Physik 84, 457 (1927)r'

Botden, T., van Doorn, C, and Haven, Y., Phillips Research
Repts. 9, 469 (1954).

Brillouin, L., Congr. Intern. Elec. 2, 739 (1932).

Butler, K. H., J. Electrochem. Soc, 103, 508 (1956),

Curie, D., "Luminescence Crystalline” translation by G. F. J.
Garlick in "Luminescence in Crystals", John Wiley and Sons,

Inoa, New York, 1963.

Deming, W. E., "Statistical Adjustment of Data", John Wiley and
Sons, Inc., New York, 1943,

Dexter, D. L., Phys. Rev. 96, 615 (1954),
Dexter, D. L., Phys. Rev, 101,48 (1956).
Dexter, D. L., Solid State Physics 6, 353 (1956).a,

Dexter, D. L., Suppl. to Nuovo Cimento, Series 10, Vol. 7,
245 (1958).

Dexter, D. L., Zeiger, H. J. and Lax, B., Phys. Rev. 10u

637 (1956).
Rdgerton, R., Phys. Rev. A138, 85 (1965).
Edgerton, R, and Teegarden; K., Phys. Rev, 129, 169 (1963).
Edgerton, R. and Teegarden, K., Phys. Rev, 136, 1091 (1964),

 Eppler, A. and Drickamer, He G.; Jo. Phys. Cnem,., Solids 15,

112 (1960).

" Eyring, Walter and Kimball, "Quantum Chemistry”, John Wiley

and Sons, Inc., New York, 19&4




192

Finkelnburg, W., Z. Phys. 96, 699 (1935).
Forrd, M., Z. Phys. 56, 534 (1929),

Forrd, M., Z. Phys. 58, 613 (1930).

Frenkel, J., Z. Physik U.S.S.R. 1, 99 (1932).
Fukuda, A., Science of Light 13, 64'(1964).

Goldberg, P., "Luminescence of Inorganic Solids", Academic
Press, New York, 1966,

Hald, A., "Statistical Theory with Engineering Applications”,
John Wiley and Sons, Inc.,, New York, 1952,

Heitler, W., "Quantum Theory of Radiation", 3rd. Ed,, Sec. 209
Oxford, New York, 1954,

Herb, G. K., Fontana, M. P, and Van Sciver, W, J., Phys. Rev,
168 1000 (1968).

Herring, g,, "Photoconductivity Conf.", ?. 81, Wiley, New York,
1956,

'Hilsch, R., Z. Phys. 44, 860 (1927).

Hilsch, R., Proc. Phys. Soc, 49,40, extra part, (193?).

Hilsch, R, end Pohl, R. W., Z. Phys. 48, 384 (1928),

von Hippel, A., Z. Physik 101, 680 (1936).

 Huang, XK. and Rhys. A., Proc, Roy. Socc. (London) A204 Loé (1950).
Huniger, M. and Rudolph, Jey Z. Phys. 117, 81 (1940).

~ Jacobs, I, S., Physs Rev. 93, 993 (1954),

Jehn, H. A., Proc, Roy. Soc, (London) A164, 117 (1938),

Jahn, H. A.)and Teller, E., Proc. Roy. Soc. {(London) Alél, 220
(1937). ,

Johnson, P. D., J. Chem.. Phys. 22, 1143 (1954),
JOhnson, P. Do and Studer, F. le Phys. ReVQ _8__2_, 9?6 (1951)0
Johnson, P, D, and Williams, F. E., J., Chem. Phys. 20, 124 (1952),



. 193
Johnson, P. D. and Williams, F. E., Pays. Rev. 95, 69 (1954).
Jonnson, P. D. and Williams, F. E., Phys. Rev, 117, 964 (1960).
Kemimura, H. and Sugano, S., J. Phys. Soc, Japan 14, 1612 (1959}.

Klick, C. C., Patterson, D. A. and Knox, R. S., Phys. Rev.
133, 1717 (1964).

Klick, C, C. and Schulman, J. H., J. Opt. Soc, Amer, 40,
509 (1950},

Knox, R. S. and Dexter, D. L., Phys. Rev, 104, 1245 (1956).
Lax, M., Jo Chem. Phys. 20, 1752 (1952).,

Lax,. M., gPhotoconductivity Conf.", p., 111, Wiley, New York,
1956,

Lorenz, H., Z. Phys. 46, 558 (1928),
Lowdin, P. O., J. Chem. Phys. 18, 365 (1950). .
Luty, F. and Gebhardt, W., Z. Physik 169, 475 (1962),

Mabuchi, T., Fukuda, A. and Onaka, R., Sci. Light (Toyko) 15,
79 (1966), .

Markham, J. J., Phys. Rev. 94,1395 (1954),
Markham, J. J., Phys. Rev. 103,6 588 (1956).

- Messiah, ."Quantum Mechanics", John Wiley and Sons, Inc.,
' New York, 1966,

Matsui, E., J. Opt. Soc. Japan 22, 819 (1967).

1McClure, D. S., "Solid State Physics” (edited by F, Seitz and
D, Turnbull) 9, 521, Academic Press Inc., 1959.

Mrozowski, S., Z., Phys. 87, 340 (1934).

' Mrozowski, S., Z. Phys. 104, 228 (1937).
Mrozowski, S., Z. Phys. 106, 438 (1937).
Mulliken, R. S., Rev, Mod. Phys. 2, 60 (1930).

Opik, U, and Pryce, M. H. L., Proc. Roy. Soc. (London) A238,
k25 (1957). .




| 19k
O0'Rourke, R, C., Phys. Rev., 91, 265 (1953).
Patterson, D. A. and Klick, C. C., Phys. Rev. 105, 401 (1957).
Pekar, S. I., Uspekhi. Fiz. Nauk 50, 197 (1953).
Pohl, R. W., Proc. Phys. Soc., {london) 49, (extra part), 3 (1937).
Reitz, J. R., Solid State Physies 1, 1 (1955).
Russell, G. A, and Klick, C. C., Phys. Rev. 101, 1473 (1956).

Schiff, L. I., "Quantum Mechanics", 2nd Ed., McGraw-Hill,
New York, Torontc, London, 1955.

Seitz, F., J. Chem. Phys. 6, 150 (1938).

‘Seitz,rF.. Trans, Faraday Soc. 35, 79 (1939).

Seitz, F., "Mod. Theory Solids", McGraw-Hill, New York, 1940,
Simpson, J. H., Proc. Roy. Soc, (London) A197, 269 (1949).

Trinkler,ém° F. and Plyavin, I. K., Phys. Stat. Sol. 11, 277
(1965).

Uchida, Y. and Kato, R., J. Phys. Soc., Japan 14, 1408 (1959).
Uchida, Y, and Matsui, E., J. Phys. Soc, Japan 20, 874 (1965).
Van Scivei, We Jo, Thesis, Stanford University, 1955 (unpublished).
Van Sciver, W. J., Phys. Rev. 120, 1193 (1960). |
Van Sciver, W. J., Phys. Letters 9, 97 (1964),
Van Vleck, J., J. Chem., Phys. 7, 72 (1939).
Wall,»wo, Thesis, University of Manitoba, 1969,
Wannier, G; H., Phys. Rev.4§§, 191 (1937).
Watson, C., Private communication (1969).

W1lk, M. Be, "An Identity of Use in Non-Linear Least Squares",
Abstract, Ann. Math. Stat. 29, #2, 618 (1958).

~ Williams, F. E., J. Chem. Phys. 19, 457 (1951),




T e T e el

195
Williams, F. E., Phys. Rev. 82, 281 (1951).
Williams, F., E. and Hebb, M. H., Phys. Rev, 84, 1181 (1951),

Williams, F. E., Segall, B. and Johnson, P, D., Phys. Rev. 108,
L6 (1957).

Yuster, P. H, and Delbecq, C. J., J. Chem., Phys. 21, 892 (1953).

' Zazubovich, S. G., Lushchik, N. E., and Lushchik, Ch. B.,

Optics and Spectroscopy 15, 203 (1964).




