CHAPTER 4

RESULTS AND DISCUSSION



‘Gonsiderable work has been reported on the optical
absdrpt;on and luminescence properties of alkali halide
crystals containing thallous ion impurity.l’z’lg’92’110—115
Comparison of the absorption pﬁenomena in "pure" and
thalliuﬁ~doped alkali halides clearly indiéates that
the introduction of thallium @arkedly changes the absofp-

~

tion properties of the host material. It is usually ,
accepted that most, if not all, of the thallium is
incorporated substitutionally and that no additional
vacancies due to the thallium incorporation are present
in the lattice. The nature of the absérption processes
that give rise to the bands intreduced by thallium hass
been studied in considerable detail. Onme approaches this
problem from the tight binding approximation, that is,

it is assumed that the transitions of the ion in the
solid are essentially the same as in the gas. Only the
energy levels are believed to be shifted as a result

of interactions of the valence electrons with the
crystall. The experimental situation in KC1l:Tl phosphor
is particularly simple for thallium concentrations ro

10~%

mole percént or less. In many of their properties
such lightly doped cnystais aré like "pure!'" crystals
whereas more heavily doped crystals (~u 10"2 mole percent
or morg)are remarkably different. In the latter type,

one observes both absorption and emission bands that

/
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are not present in lightly doped crystals. The present
discussion is limited only to the phosphors of heavily
doped type in which the thallium concentration is of the order

10~1

mole percent. In what follows, the results obtained
for annealed and quenchgd specimens (I and II) will be
presented and discussed first. Subsequently, the results
for annealed and slowly cooled séecimen (III) will Dbe

considered.

FPigures 1(a) through 1 (ﬁ) represent the absorption
data taken on specimen‘I. (annegled for 50 hrs. and \
guenched) in the wavelength region 200-650 mi. Figures
1(a) and ;(b) exhibit the absorption. spectra of the
specimen before and after ultraviolet irradiation
. respectively, both measured at the same tempefature
(~v 110° X). The behaviour of the absorption bands,
producea by irradiation near liquid nitrogen tempera-—
tﬁre, was followed up with the rise in temperature of
the specimen. Figures 1(c) to 1(h) illustrate ‘the
absorption spectra when the specimen was warmed to an
annealingwtemperature, held there momentarily and then
eooleq to liquid nitrogen temperature for the measure-
ment of the abéorptioﬁ spect;um. It is clearly seen
that 1arge scale spectral changes occuf due to Warﬁ—up

.0f the specimen. In general, because of relatively
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strong absorption in the ultra violet region and weak
absorption in the visible region, in all the absorptién
runs, the spectra in the ultra violet region were recorded
on seale 2 and those in the visible on scale 1 of the
Carry spectrophotometer. The actual recprdings of the
spectra show siight variations in the peak positions of
the absorption bands, mainly in the ultravioclet region.
The wavelengths used tovidentifj these bands are :205,

214, 225, 242, 260, 290 and 300 mu.
Specimen I :

- The absorption bands observed at 110° K before
ifradiation (fig. 1 a) are 514, 225, 242 and 266 m.
At the same temperature, after izradiation (fig. 1Db),
the spectrum is obviously modified and becomes compli-
cated. Beslides the appearance of new bands at ~v 205,
245, 254 and 290 mu, a significant decrease in the
intensities of 214, 225, 242 and 260 mu bands is
apparent. In addition, weak absorptién bands are

observable at ~ 365, 550 and 610 mu.

Warming the specimen to 160° K (fig. lc) gives
rise to an additional absorption band at ~ 300 mu. and
the bands at ~ 205, 214, 225, 242, 248, 254 and 260 ma

undergo further decrease in thelr intensities.
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When the specimen is heated to 190° K (fig. 14)
the absorption bands at 205 and 248 mp vanish and the
. band at 214 becomes sharp. A new weak absorption
around 325 mp is discernible. The remaining bands emerge

with 1little changes in their intensities.

Heating the specimen to 240°'K (fig. 1 e) brings
about some interesting Qevelépmeﬁt in the spectirum.
There is a small but sharp rise in the P-band region
around 535 mu and in the ultraviolet region the band
at 290 mp undergoes a pronounce@ enhancement in its inten-—
sity. There is a general increase in the absorption

below 290 mu and the absorption band at 205 mum re-appears.

When the specimen is warmed to 270°K (fig. 1f), the
sharp absorption band at 535 mp vanisheé and the one
at 290 mu is considerably suppressed although there is
overall increase in the absorption in the range‘exaﬁined.
Two new absorption bands at A~ 435 and 490 mp are clearly

seen. The absorption at 205 has become quite sharp.

On warming the specimen to 325° K (fig. 1g) the
twin peaks at 435 and 490 qu‘disappéar and theré is a
general decrease in the intensitieé of all the remain-
ing absorption bands. A shift in the absorption band

at 225 mu to 230 mu is apparent.
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When specimen ‘is heated to 360° K, there is marked
decrease in the sharpness of 242 and 260 mp bands and

significant changes in the V2-V5 region are observed.
Specimen II :

The absorption spectra for specimen II are less
complicated compared to those for specimen I. ﬁewever,
the changes in the intensities of the observed absorp-
tion bands, with respecf to various annealing tempera-

tures, follow more or less the same pattern.

”

Before irradiation, at 140° X, one observes absorp-
tion bands at 214, 242 and 260 mp (fig. 2a). It is
worth noting that the sharp and prominent absorption
band at 225 mp'observed in specimén I is conspicuously

absent in specimen II.

After irradiation, at 140° K, the observed bands
undergo marked decrease in their intensities and weak
absorptions at «» 205, 300, 365 and 550 mp appear
(fig. 2b). ‘

Warming the specimen to 230° K (fig. 2¢) léads to
slight increase in the intensities of 214, 242 and 260 mp
bands, disappearance of 205 mp band and emergence of a

band at 280 mp.
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When the specimen is heated to 260° K (fig. 24)
a sharp absorption at 575 mp in the F-band région is
observed as in specimen I. A further increase in the
intensities of 242 and 260 mp bands and in poorly

resolved bands at 205 and 214 mp is observable.

Heating the speecimen to 325° K (fig. 2e) decreases
the intensity and sharpness of 242 and 260 mp bands .
The band at 205 reappearsand instead of 214 mp there
is a band at 220 mp.

On warming the specimen to 360° K (fig. 2f) the
sharpness of 242 and 260 mu bands decreases further

and additional changes in the Vg-—V3 region take place.

In the analysis of the above results, attempts
are made to suggest models for the centres associated
with some of‘the absorption bands.\The proposed struc-
tures for the absorption centres are either in the
form‘of modifications of the previously suggested
models or constitute new suggestions. Barring the
absorption bands at 225 and 260 mp, the absorption

19 and observed

bands in KC1:T1l reported by Delbeeq et al
in the present work are assumed to originate in the
centres proposed by them. The bands observed will be

discussed in the following sections either singly or
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in group, depending on the convenience.
205 mp band :

Because of its temperature dependence reported

earlier by Forroll§ Seitz 1 suggested that the 205 mp

absorption band in KC1l:T1 could be due to forbidden

transitions 150 - 3}?2 in substitutional T1 tiom.

117

Pringshﬁﬁ considered it to be due to electron trans—

fer from a ¢l  ion to a neighbouring 1t ion, on the
basis of the similarity between the absorption of
KC1:Tl cr&stal and agueous solution of KCIl:Tl.Utilizing
Seitz' approach, Johnson and Williams6 suggested that
this absorption band could be due to a forbidden ftran—

sition in T1¥ iom. However, in their later publication13

they identified the internal metastable states 3

-3

PO and

?2 within T1% ion as principal trapping levels and

therefore, according to them, the possibility of the
forbidden transition being responsible for the 205 mu

absorption was ruled out. Medifying the calculations

118

of Von Hippel on electron transfer absorption in

KCl at 162 mm by difference in ionization energy of
T1° atom and K° atom, Johnson and Williamsl§ found for
- KC1:T1 an absorption at 210 mp which was suggested to

be in close agreement with 205 mp absorption.
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Later work however, revealed that this pand can

be found in all synthetic KG1 crystals grown without

fo—

the intentional addition of impurities. AEg{i;g?lg

studied the effect of various additions and atmos~-
pheres on this band in KC1 and concludgd that it was
due to compounds containing oxygen. Experiments by

120 4nd by Etzel and Patterson® have shown that

Rolfe
" most synthetic crystals (melt~grown) of alkali halides
contain a substantial concentration of OH ions built
into the lattice. They found that the absorption band
is proportional to the concentration of hydroxyl ions
in the crystals. This band has been called by them as
the "OH" band. With more recent work by Patterson and

121, OH  emerges as rather well understood

Kabler
system in so far as its ultraviolet optical properties

are concerned.

It is therefore believed that the 205 mp band,
observed in KC1l:Tl, is not the characteristiec of
“thallium but owes its existence to the presence of

- OH ioms in KC1l crystal.



55 X

214 mp band :
This band has been reported in the excitation spectra
of heavily-doped KC1:T1 by Ewles and Joshi'l and

Pattersong. They found that the band grows as the
thallium concentration increases. Ewles and Joshi argued
that since <214 mF band also appears in absorption of
KC1l:T1l crystal and aqueous solutions containing thallium,

122 conclusion

whatever the anion, Fromherz and Lih's
that it is due to a transition in il+ ion must be accepted.
As mentioned above, it is now a well established fact

that laboratori grown alkali halide crystals have OH ions
unavoidably present in them. Further, it is known that

in pure water a certain number of OH ions aré present

as a résult of the reaction Hy0 2 HY & OH”. In view

of the possible secondary reaction of T1' ions with

water in agueous solution of KC1:T1 (with lower halide

* concentration) it is sﬁggested that instead of isolated
71% ion one shou}d éonsider 117 -0H" complex to be respon-
sible for 214 mp absorption in KC1l:T1 crystal. The

214 mp in KC1:T1l crystal can then be either dume to
jtransition between the electronic states of the T1Y ion
adjacent to an OH ion or due to electronic transfer

from OH  ion to neighbouring T1¥ ion. The latter

possibility is ruled out since such an electron transfer
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would create TL°® atom which' is suggested to act as an

efficient trap for the electrom near liquid nitregen

19, 128324, 72 1y partial modification of

the concept advanced earlier,%1

temperature
it is therefore suggested
that 214, mp absorptiom in KC1l:Tl crystal, observed

before excitation, may be due to electronic transi-

tions in the internal "perturbed" states of the 1% ions
replacing kK" ions in.tﬁe 1attice; The perturbation is
caused by the OH ion on adjacent site. Just as hydro-
xide, when present as Ca(OH)2 s does not contribute to

2

205 mp band in Kc1%% 50 also OH™ ion partner of the 71" fon

may be ineffective in giving rise to this band.

. Before excitation, both the specimens I and I1
show a well defined absorption band at ¢n 214 (figs. 1a
and 2a). The absorption in this band is considerably

suppressed after excitation (figs. 1b and 2b).

125, 126 127

Kerkhojf et al ana Fischer and Grundig
made an extensive study of the pﬁotochqmioal decompb-
sition of OH im KCl, KBr and NaCl doped with hydroxyl.
ions. Illumination into the OH band at 80° K generates
the T, band (interstitial hydrogen) and a éand lying
on the short-wavelength side of the OH ‘band. This band

is believed to arise from substitutional 0, Both of
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these bands bleach when the sample is warmed t6 room
temperature. It has been suggested that in KC1 the U
band is generated by the warm-up instead of the original

OH™ band according to the following reaction. -

Illumination: OH +WY¥ (0H") ——» 07 + H°,
Warm-up s 2 H°i --$ Hg

20 —y 0, + 2 e + 2 anion
vacancies

e +anion vacancy + H°i—~)U Centre

On the lines suggested by Kerkho¥¥, it is believed that
the irradiation of the specimen with ultraviolet light
results in the decomposition of OH ions and conse-
queﬁtly suppressuthe 214 mp absorption. The decomposition
of OH ions wiik: ultimately lead to the formation of

U centres in a way indicated above. It is knownthat as
the tgmpergture is increased, the U band broadens and
shifts to lower energy. Variation in the absorption
between 200-220 mp observed in the present work, when .
the specimen is heated to different temperatures, may
be, to a certain extent, dué to the changes following
above reactions and due to.changes in the U band absorp-

tion with temperature.
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The observed growth of 214 mp band in KC1:Tl with

11 can be under-

the increase in‘thaliium concentration
stood on the basis of the statistical interpretation
‘of the formation of the centre in which 71" ion and
OH™ ion occupy adjacent sitgs. In annealed and quenched

specimens the T1' and o~ *OR°

in solid solution will
be randomly dispersed in the volume of the specimen. ,
The concentration dependence of the generation of 214 mp
band arises from increased probability of getting a o1t
ion as nearest neighbour to an OH ion as the concen-

tration of thallium in the crystal increases.
225, 242 and 260 mp bands:

It is seen from figs. 1 and 2 that these absorp-
tion bands show a‘strikigg similarity With respect to
their narrow linelike abéorp%ion. An important clue to
the structure of the centres responsiblé for 242'mp
absorption in KCl: Tl was given by Fromherz et a1122,128?130.
They found that an agueous solution of T1Cl satu;ated
Awith KC1 had a éistinct absorption band with a maximum
at 242 mp. On the other hand, a KC1 crystal doped lightly
- with T1Cl exhibited an absorption band at 247 mp. From
their experiments, Fromherz et al concluded that the

242 mp band observed in aqueous soluticn\of~KGl:Tl and

the 247 mp in solid phosphor are identical and hence
!
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they originate in the same centre. The absorption in
agueous solution has been ascribed to éomplex ions of
the type (T1C1lyn)” . Such ions are characterized by tﬂe
appearance of narrow selective absorption bands:
Because of similarities between the behaviour of the |
solid KC1l:T1l phosphors and their agqueous solutions,

the complex ion model was also supported by Hilschl31

117,132. These authors considered electton

and Prinésheim
transfer processes, in echarged complexes of the type
(Tl&l@)—, more likely as causes of the absorption bands
in KC1:T1 érystal and water solution of KCI:T1l. However,
this model relegated into,background soon after Seitz1
published his substitutional thallous ion model for the
luminescance centres in thallium~-doped alkali halides.
Certain optical properties of the phosphor have been
described with some success using this model and a
configuration coordingte diagram proposed by Seitz and
developed quantitatively for KC1l:Tl by Williamsz.

Later it was found that the substitutional ion model
was inadequate to explain all the experimental data

in KC1:T1 phosphoro??r 1l

. The excitation and absorption
data on KCl:T1l -have clearly demonstrated that besides
isolated T1' ions other more complex centres are active
in the A and B band fegions of Seitz? terminology. In

KC1:T1 the spectral positions of A and B bands are



247 and 207 mp respeetively.‘Patterson4 observed that
single symmetric absorption b;nd, in the A region iﬁ
KCl:T1, found ét low temperatures became quite
asymmetric upon warming to room temperature. Thié
appeared to be due to the growth of a second bgnd at
253 mp. From the abrupt shift of the A band which accom-
panies the change in structure from NaCl-type to CaCl -
type at high pressures, if was suggested that 247 mjL
band might arise from single 1% ioms surrounded by 1
ions in CsCl afrangement while the 253 mprband might

be due to6 an isolated T1' in an NaCl arrangement: In
addition to these bands which appear in absorption, an
«additional band at 262 mp .appears in the excitation
spect?um of K€1:T1 for the visible emission6’7’8. Since
the emiséion due to 262 mp excitation varied as the
square of thallium poncentration, it has been suggested
,thaé 262 mj band arises from pairs of nearby thallous

.ions called dimer centres (Tl+)2.

From their excitation spectra measurement of
KC1:T1 crystals, Ewles and Joshill suggested that the
absorption bands observed in aqueous solution of
KC1:T1 are additionzlly observed in the spectra of
solid KC1:T1 phosphor if the phosphor has very high

'

thallium content. Results obitained in the present Work
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substantiate this hypothesis as seen from fig. lc
wherein\?hg 248 mp a@sorp?;on,"at?ribﬁted‘to isolated
substitutionglelf‘ion, appears as a well defined

band by the side of 242 mp absorption. To account

for the observed effects, Ewles and Joshi concluded

that the;g shpgl@hp§~mq?emﬁhan’oge specigs Qf T1 centres
in the solid phosphor if the concentration of thallium is
- very high. Some of these centres may be substitutional
p1t igns e?ﬁhg: iﬁoléﬁ%@ prgpavipg‘qthep subgtitutional
p1* iong in the neighbourhood and some may be in the
aggregated states of the type ($1Q1£)~ at special

sites such as dislocations or grain boundaries.

It is suggested that the 225, 242 and 260 mp bands
presently discussed ar?~clésely.related to complex ions
of (T}Cln)ﬁ type. In order to test the feasibility of
the mgdgls guggesﬁed‘it wqgld be_wo;thwhile‘to consider
the pqsgible manner ip_wh;c@ inoqrpqration of thalldum
and chlorine take place in specimens I aand II. The
method qti}izeg'in'ﬁhe preparation of7ﬁhese specimens
consisted of enclosing KCl crystals and T1Cl powder
in a har@ g;ass-tubgkw§iqhwwas ?hgn sealeq and heated
4o around 550°C. Since the annealing temperature
was sufficiently high, the KCl crystal was actually
heated in the atmosphere of T1Cl vapour. Thallium
halide moleculgs”aye very loosely bound in_ the excited

state and hence the T1¢l molecule may get thermally
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split up into two neutral aﬁoms%zé. Heating of XKC1

-;g;yétal in the atmosphere of $1°'and Clo atqms would
lead to the adsorption of these atoms on the’surface'
of the crystal. The adsorbed Tl? and Cld‘atoms“may
diffusg ﬁq“tpew@ntgnioruof‘the_crystal ﬁnd‘subgequently

transformed into ¢1+ and €1~ ions. A4s a result of

'h;gh ﬁemperaﬁu;e gnqeg}%n@»@nd,sgysgqugnt ;apid‘ccoling
retaing@_by“tbe spgcimen ;g Widg}y @ispgrsed sta?e.

It is suggested that the mgchanis@:qf igtro@uction of
exqess{@g}ggenﬁénta%kalé halides may npﬁ_be:sim;lar to
that accepted in ﬁhe;bage of excess alkali introduction.
This point will be dealt with on the basis ofthe
availabke information.

Except for ?he initial work extensi¥ely carried
| out by Mbllw0154;155 a survey of %he literature shows

that comparatively little work has been done on the

V bands formed by additive coleration. Following the

discovery that X-irradiation of the alkalil halides '
can produce absorption bands in the ultraviolet region
of the speotrum56, emphasis was placed on the study of
radiation~induced V bands. It is easier in many -° -

respects to generate these bands by irradiation than

by additive coloration. Major advances have been
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made in understanding the radiation damage processes

in alkali halide crystals over the past few years.
Radiation damage in alkeli halides produces, in addi-
tion to the F banqﬁn‘the visible? various optical
absorption bands in the ultraviolet region called the

YV bands. Sei’cz57 proposed fhat the V bands were due

to ho;es trapped at; cation vacancies or vacancy aggre-
gates. However, Seitz' models of the V centres are

now considered extremely doubtful. Thé development and
verification of V centre models have been the outgrowth
of spin resonance studies coupled with polarized light
measurements. These measurements have conclusively esta-
blished that some of the ultraviolet bands formed by
irradiation at low temperature are electron-deficit
halogen~molecule centres, which complement the F centre

in one way or anotheri®4,136-138

This suggests that,
unlike the alkali metal, there is a strong tendency fbr
the halogens to form a molecular bond. The coneept is
therefore gaining ground that it is more appropriate

to regard the ¥ cemtres as halogen molecules or molecular
ions which are incorpprated in the lattice in various

Way3139’66’67’140’141’70.

Only recently has the role
of interstitials in the radiation-damage processes of
the alkali halides has been appreciated. It has been

suggested, with the help of a large body of experimental
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evidence, that Frenkel pairs are created in the negative
ion sub-lattice by the displacement of iens from their
normal sites®??60,70,142-150 = . simple negative ion
interstitial becomes unstable aﬁ temﬁeratures near 25°K
and the neutral interstitial associated with the H-centre
at temperatures near 40°K. The stability of interstitials
at higher temperatures,‘as indicated by volume expansion |
and lattice parameter measurements, is associated with

the formation of various halogen "molecular! speecies in

the erystal matrix. These "molequlés“ may be assoicated

with point defects and impurities in %he positive ion
142,151,152

sub~lattice. More recent experiments have
tended to confirm the hypothesis that interstitial centres
were produced even in the case of room ‘temperature
irradiation. Thus it is now believed that Frenkel—pair'
produc tion occur under ionizing radiation at all tempe~
ratures and that many of the pbgervations indicating
more than one type of F centreicauld more probably be
attributed to the presence of different interstitial

' speciés. The Frenkel-pair production does not involve
the sub-lattice Qf alkali ions, that is, no alkali ion
vacancies or interstitials need be formed and no trap-
ping of charge by defects that may exist in this sub-

lattice is required.
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Since the radiation damage process is now believed

to produbg primgri}y_nega@ivg iqn vacanpyjhalogen inter-
s?%tial’pagpngq@'fgytygr‘sipeg the V centres are regarded ‘
mostly as species of halpgenvmolequles or molecular ions,
6ne Would:bg Justified in agsuming that the'basic reaction
in the prp@qction pf v banqs, éither by X%irradiation~or byl
additivg qolq;gtion»qfvalkali halides with excess halogen,

; is the creation of interstitial-vacancy palrs. It is there-
fgre presumed that in the‘qucimgns I and II of the present

work intersiitial C1~ ions may have been produced.

Because of the striking resemblence in the absorpiion
at 242 mp between Watgr‘solgtion of KC1:T1 and solid KC1l:T1
phosphor, it is sugggstg@_that the absorption - .at 242 mp
anq two others_gﬁ appap§nﬁ1y’same pature, at 225 and
260 me originate in the complex }gns of the‘type (TlCln)“.
It is proposed t@qtv§gch.cgmplex‘ions may be formed in,
tﬁe c;ystal if itsyconﬁigqration, involves either an
interstitial Cli ion or ionms. The substitutional T1¥
lon with its ggrrounding six neareét-neighbour chlorine
ions formswa cénfigura?ionuwhi@h is electrically neutral
relative to the KC1 matr;g{ Hence ?he occupation by a
01” ion of the interstitial site, most probably coplangr
with thg Tl+‘ion_and ﬁhe surrounding four C1~ ions, will
transform the above.neutral complex_into éharged complex
of the type (T1Cl ). Possibility of the complex ion
having a planer configuration has been suggested earlier

by Delbecq et al, from a @ifferent standpoint, ,in the
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case of KCl:Ag and iater extended to KC1:T1™" to
explain the oceurrence of 220 and 260 mp absorption

bands. -

The following plausible models are suggesited for

' the centres responsible for 225,242 and 260 mp absor-
ption bands. It is proposed that the 242 mp absorption
band arises in a species of centres each of which c&%ains
'one substitutional 1t ion, six €1~ ions surrounding

the T1¥ ion and one 61~ ion at interstitial position
coplanar with the 1% ion and the surrounding four C1~
ions. The éGO mp absorption band is suggested to originate
in a species of centres eacﬁ of which has a configurafion :
similar to the one associated with 242 mp band ‘except
that‘instead of a single 1% ion a pair of nearby substi-
tutional T1" ions is involved. The*225 absorption band -
is also suggested to be due to a centre similar to the

one proposed for 242 mp baund howevér,‘the difference

is in the number of interstitial Cl ions. Ithhis case,
instead of one, two interstitial €1~ jons are suggested.
Thus each one of proposed models can be looked upon as
species of centres equivalen% to a complex ion (Tlcln)-‘
in the crystal matrix, ihe choice of two interétitial

01~ ions for the centres assoeigted with 225 mF absorp-

tion band is made on the basis of results obtained in
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the present work. This band is observed in the absor-
ption of specimeﬁ I>which has been subjected to prolonged
annealing é:% elevated tgmperature during its prepara-
tion. The band is absent in the absorption spectrum

sf Specimen Ii which was annealed at the same temperature
but for a period nearly half of that for specimen I.
Annealing<over a longer duration will increase the pro-
bability for the creation of two interstitial €1 ions

: + .
near a given T1  ion.

Prom figs. 1(b) and 2(b) it is observed that the
absorption bands ét 225,242 and 260 mp undergo decrease
in their intensities after irradiation with wltraviolet
light near liquid nitrogen temperature. This effect
is attributed to the creation of T1° atoms in each of
the complex ion species dué to the transfer of electron
from interstitial C17ion to the neighbouring T1% ion,
duriﬁg irradiation. 'The absorption of a photon results,
then, in an .excited centre consisﬁing of an interstitial
chlorine atom and an electron localized on the T1%* ion.
The loss of electron by the interstitial 1 ion will
give rise to a polyhalide ion or halogen molecular ion
(61,)". 1In a chemical sense, an interstitial halogen
atom is equivalent to an H centre. (An H centre comprises

a Glé molecule~ion situated at a single halide ien site
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alongwith two halide ions adjacent to this site, all
lined up in the < 110> directions. The neutral inter-
stitial (halogen atem) is known to become unstable at
temperatures near 40°K. Hence it 1s suggested that the
molecu;ar ions preseﬁtly proposed may be gaining in
stability due to their association with impurity ions,\
other point defects or dislecations.  Since 225, 242

and 260 mp bands are generated with high concentration of
ilCl and rapid cooling of specimeﬁs, the centres respon-
sible for these bands may be situated at special sites
such as intermal surfaces or dislocations which would

be expected to be developed under such conditions. By
‘virtue of their associated elastic strain field, dis-

locations may act as very effective interstitial traps.

It is not possible to speculate on the structure
of the different molecular ion species, formed after
irradiation, until more information is available. The
changes in the absorption spectra when the specimen is
warmed to different annealing temperatures will now
be discussed with reference to specimen'I. After
irradiation around 110°K (fig. 1 b), besides decrease
in {the inrbensities of 2?5, 242 and 260 mp bands, one
also observes poorly resolved bands in the region

between 240 to 260 mp. There are bands in this region
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. which are indicative of the presence of isolated o1 ¥
ions. "Appearance of a weak band at 290 mp suggests

the formation of a low concentration of T1** ions. When
the specimen is warmed to 160°K (fig..l c), iesides other
bands, the spectrum consists éf the\Tlf ion bands at

248 and 254 mp, the T1*" ion band at 290 mp and 11° atom
band at 300 mp. The formation of isolated T1° atoms

to

Xﬁhermally induced migration of a fraction

of molecular ions from their sites during warm-up. 1In

may bé due

a perfect crystal, the mobility of the molecular ion
can be induced by thermal reorientation whiéh merely
involves the reformation of the covalent bonds with
other haiogen neighbours already in space. In such a
case, no ionic jump would be necessary. In the presen?
case, the suggested molecular ioms become mobile probably
due to diffusion of 01° atom from its site. As the

~ temperature is raised further to 190°K (fig. 1 d4), the
conspicubus'change in the spectrum ié the disappearance
of T1* ion band at 248 mp. Itahas begn experimentally -
detected that the V. centre (Glg) begins to undergo
translation motion in the crystal starting at 170°K.

A weak absorption at 365 mp indicates the formatién of
a low concentratioﬁ of Glg centres. They may also ﬁe
playfng their role, theugh ﬁot important, in biinging

about the configurational changes in the absorption’
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centres. When the specimen is heated to 2409K (fig.l e),
one observes a pronounced band at 290 mp and’a small

but sharp rise at 535 mp in the P-band region. With

the inérease in temperature, the diffusion rate of the
molecular ions would increase and it is apparent that

a lafge fraction of these molecular ions ai§ trapped

at T1* ions to form T1** ions. A fraction of the mole-
cular ions whieh have migrated to ﬁhé m° atoms may get
annihilated by recombination with electrons from 11°
atoms and thereby increase the intensities of the absorp-
tion bands at 225, 242 and 260 mp baﬁdé as observed»in
fig. (1 e). The origin of the sharp band in the P band
region will be discuésed independently. Om warming the
specimen to 270°K (fig.l f), the absorption at 290 mp

is considerably"suppressed and two new absorptions at
435 and 490 mp are observed. It may be noted that the
absorption at 290—mp, indicative oi the presence of

i l++

ions, mainly subsides after heating the specimen
to 276°K. Since above about 200°K the migrati&n of
vacancies become operative, the ébsorption bands at 435
and 490 mp may be due to aséociation of single +ve ion
vacancies or aggregates of vacancies with 11*t*ions.

As will be discussed in the following section, the

absorption in the F band region is believed to arise

from M centres. These centres decompose on warming the
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specimen to 270°K as is evident from the disappearance
of the‘ﬁeak at 535 mp. An electron in an aggregate
centre will be irreversibly removed if it be induced

to recombine with the hole. A T1¥¥ iom is a likely cen-
tre for this and hence it is suggested that a fraction
of the T1*t ions are annihilatg& by electron capture.
The cépture precess would involve creation of excited
thallous ious in the 5P, state. The excited thallous
ions then emit the characteristic 298 mp emission. The
electron capture at 11** ions and consequential
recombination luminescence is probably the cause for
the fluctuations in the movement 6f the recorder pen in
the wavelength region around 290 mp as obéerved in
fig.(1 £). Increase in the intensities of 225,242 and
260 mp bands éuggests further destruction of molecular
ions by recombination with eleectrons from T1° atoms.
When the specimen is warmed to 325°K (fig. 1 g) the twin
absorption bands at 435 and 490 mpyvanish probably
because of thermally induced dissociation of vanancies
from T1¥" ions. The bands at 290 and 300 mp, belonging
to Tl++ jons and T1° atoms resﬁectively, also undergo
reduction in their intensities to fhe extent of lbsing
theii identities. Further heating the specimenito 360°K
(fig.1.h) markedly chaﬁges the absorption in the V2—V3'

region and weak abgoiption bands around 320 mu are observed.

\
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In his study‘of the absorption of T1C1l vapour ButkowlS4

reported absorption bands around 320 mp. Henece the
absorption bands around 320 mp observed in KC1:T1-

crystal may be due to undissociated T1Cl in the lattice.

It is of interest to note that the major changes .
in the Vz—fz region begin to occur at temperature above -
250°K when vacanéy diffusion becomes significant. Since
higher temperature favours marked eonfiguration chaﬁges
in this region, the diffusion of‘vacancies may be the
main process inﬁolved. Further, since (TlCln)“ centres
appear to become unstable above 525°K, the interstitial
C1” ion migration, due to release from trap,may also
be one of the processes bringing about configurational

changes.

Except for the absence of sharp absorption at 225
mp, the absorption spectrum for specimen II exhibits
all the absorption bands observed in specimen I, before
irradiation. The variation in fhe intensities of 242
and 260 mF bands with {temperature is similarvto the one
observed in specimen I. The prominent growth of 290 mp
band, after heating to around 2406°K, observed in speci-
men I, does not take place in speéimen II. Instead
however, a small rise at this wavelength is observable.

As in speeimen I, small but conspicuous rise in the

“

N
e
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P band region, when the specimen is heated to around 250° X ,-
is clearly seen. Changes in the V2~V5 region become more
apparent when the specimen is heated above 250° K. All these
results can be interpreted on the lines of thoée obtained for

specimen I.
Absorption in F band region :

Considerable work has beenWQOne to determine the nature
of the centres which givg fise to thg R, ¥ and N»optical absorp-
tion bands in alkali halide crystals. The principal result of
this effort has been increasing support for models which describe
these centres as aggregation of F centres. Van Doorn and Eaven39
first suggested that the M centre is éomposed of the simplest
F centre aggregation namely, two nearest-neighbour T centres
lying along IllO] lattice direction. Studies of F and M centre

41 and X—ray155 coloured crystals

equilibria in both additively
as well as the results of magnetic resonanc¢156 investigations
have supported the F2 model of the M centre. For irradiation
at room temperature, the concentration of F centre is connected
to that of the Mcentre by a relationship of the form

By = s ni«"
where Ny and np are the numbers of M and F centres respec-

tively and S is a temperature dependent proportionality factor.

It has been found that for irradiation at liguid helium or
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liquid nitrogen temperatures the p?oportionality factor is
independent of %emperature. This~suggests that thermal motion
does not play a role in the formation of M centres from F
centres, but that an M cgntre is formed whenever two F centres

are ceeated in adjacent sites.

Room temperature irradiation. of crystals containing
M centres with M light polarized along a [blé} direction
produces a dichroic F52 as well as M band indicating that

51 1n xC1,

M centre optical transitions underlie the F band
the. primary transition of the M centre, now called the Ml band,
peaks at 800 mp. Other transitions of the M centre include

the M, and M} band,.which underlie the F band. in KCl, their

2 2
peak positions are at 556 and 539 mp respeétively.5l The
assumption of "hidden" bands of R and other higher aggregate
centres under the F band has been made to explain the various

dichroic effects observed.45

The broad absorption in the F band region observed after
irradiation of the specimen (figs. 1 b and 2 b) may be due %o
aggregate centre absorption under the F band. It is suggested
that the sharp absorption observed in the P band region in
figs. 1 e and 2 d is due to thermal aggregation of the centres
arouqd 250° X which results in t@e formation of either MZ or M'g
centre. It is probably simpler to remove an electron from an

existing F aggregate centre than to synthegize the desgired
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centre from its electronic and vacancy components. Lﬁty157

proposed a mechanism for the optical conversion of F-—ell
centres based on the coulomb interaction between an B!
centre and an F centre that has lost its electron. The
process involves repeated creation of F' centre from T
centres via an eleqtronhtransfer initiated by the F light
1llumination. At the temperatures for which F-light
produces F.oenﬁre aggregation the F' centre is thermally
unstable and will give up its extra electron after some
time, returning to its F centre configuration. If only the
vacancy 1s considered, the_béeaohed F centre is essentially
an g.centreuand the process of F -~ I conversion may

be represented as shown below.

o

(Pe7) Wo (L 4 pr)-__Thermally, (g oy ¥y

5% pserved the thermal growth of the M band

Rabin
near 250° K in KCl irradiated at liquid nitrogen tempers -
ture. The F! oenfre is known to be unstable in the
temperature region around 250° K at which this aggregation
takes place and hence Rabin éuggested thermoluminescent

production of F' centre to explain the observed

behaviour.

158 on the

Recent measurement by Farge et al
creation of M and R centres in LiP also indicate that

M centres result from F aggregation due to the migration
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of -centres. However, these Workers observe intermediate
M (or Fg ) state and suggest a mechanism that can be

represented as below.

(F+F)——> o +p —--JLIIBSIORN 5 4t o 5

The equation, giving Kinetics of this conversion, implies
that each reaction obeys firsﬁ order Kinetics. This means
that in these experiments only close ﬂ»;F pairs form Mt
centres and that the concentration of available electrons
is large cgmparé@nto the concentration of u* centres. The
authors propose that the attraction between the F centre
aﬁd an A centre arises from an electron exchange intef-
action between two wvacancies rather than from a polari-
zation of the F centre by the /& centre. This mechanism
has the advantage of also being able to explain the forma-—
tion of M centres by thermal aggregation reported earlier

by Rabin and also observed in the present work.

The problem of the kinetics of transformation of
the M* centres into M centres is more difficult. It is
clear that this reaction is produced by electrons released

in the lattice. Quite likely electrons are released during

159 of interstitials such as

or the Hayes and Nichols centreBO.

changes of configurations

the V4 centrew160’69

In the present experiments the thermal release of electrons
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from T1° atoms_is suggested to be instrumental in effecting
MY ——»ll transformation. Evidence in support of this assump-

tion will be presented in the next section.

Absorption of slowly, cooled specimen :

’

Thg absorpt;on spectrum‘of annealed and slowly
cooled specimen (specimen III), when measured aé tempera-—
ture near liquid nitrogen, exhibits two prominent bands
at 238 and 275 mP and three weak bands at £10, 248 and
305 mp (fig. 3 a) When the specimen is subjected to ultra-
violet irradiation, at %he same temperature, the absorption
bands at 238 and 275 mp. disappeaf and a number of very weak
absorption bands appear in the wavelength region 200 to
300 mp (fig. 3 b). Simultaneously, the absorption at 305 mp
indica?ive of the presence of T1° atoms, becomes little
more conspicuous. Since the radiation induced absorpition
bands are very weak and further, since the spectra result-
ing from pulse annealing‘give rise to additional poorly
resolved peaks, it is not possible to gain information
regarding the behaviour ‘'of absorption peaks indiv%dually.
Hence the absorption spectra obtained at intermediate
annealing temperatures are not presented for discussion.
Fig. (3c) exhibits the absorption spectrum obtained
after warming the specimen to 230° K wherein the absorption

at 640 mF is quite apparent. This absorption has been
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19 to T1° atoms. When the

ascribed by Delbecq et al
specimen is heated to 270°K (fig. 3d) the absorption at
640 mp vanishes and a sharp band develops with peak around

550 mp.

Because of suBpected importance of oxygen and

161 have

hydrogen-containing impurities, Christy et al
studied the effect of annealing KC1 crysfals in various
atmospheres. They o?served that samples annealed in
ordipary air develop a large absorption band at 197 my
and smaller bands at R34 and 270 mP; Annealing Harshaw
KC1 crystals in moist and dry oxygen, nitrogen, helium
and argon atmospheres, Ghristy et al established that the
only'one to produce the absorption bands was molst oxygen.
The structure of the resulting centres are not known.

It can only be said that the centres responsible for
thege bands are intimately related to the presence of
oxygen. In his study of the absorption bands due to

162 observed, in additively coloured NaCl

colﬁﬁds, Etzel
crystals, absorption bands due to U centres as well as
OI and OII centres connected with oxygen. The latter

two aﬂsorption bands were observed to have their peak
positions around 230 and 280 mp. After exposure to ultra-
violet irrgdiaﬁion, the U, OI and OEI bands were

observed to be considerably suppressed. .
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One feature of the centres rgsponsible for 238 and
275 mp bands observed in the present work, strikingly
similar to the hydrogen (U}»centres and hydroxyl ion (OH )
centres, 1is thqt aiter absprption there is a strong
tendency for the centres to dissociate. These bands have
their peak positions nearlylcoinciding with those observed
previously by Christy et al. It is.therefore tentatively
suggested that these bands may be due to centres connected
with oxygen. Irradiatioﬁ with vltraviolet 1light, near
liguid nitrogen temperature, results in the erasure of
these bands obviously due to photochemical decomposition
of the related centres. On warming the specimen to 230° X
(fig; 3d), one observes a conspicuous absorption at 640 mF

attributed by Delbecq et all’

to the presence of T1° atoms.
In the following absorption run, recorded after heating
the specimen to 270° K, the 640 mF absorption vanishes and
a sharp absorption band at 550 mp appears. The reciprocal
relationship between the two absorption bands provides
evi@enqe for the suggested Kinestics of conversion of m*

into M. Obviously this reaction is produced by electrons

released in the lattice by T1° atoms.

Slow cooling will induce vacancy agglomeration
"and hence chances of two negative ion vacancies occupy-
ing sites in the matrix at short distance from each other

will increase. Besides, in a slowly cooled specimen most
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of the thallium in solid solution will precipitate out as
a separate phase and hence a KC1:T1l crystal of this type
will behave like a lightly doped crystal. In such crystals,
electrons freed from T1° atoms will encounter more nega-
tive lon vacancies than T17 ions and thus more P centres
will be formed. It may be noted that by virtue of their
higher electron aﬁfinity than_potassium, thallous ions
have greater capiure cross~section for electron than ‘
either X' or negative ion vacancies next to K+. Thus,

both agglomeration of vacancies and precipitation of
thallium out_from matrix make the process of M centre
formation, by thermal aggregation, more efficient. On this
basis, rather prominent development of the M band absorp-

tion in slowly cooled crystal is understandable.
KC1:T1 Thermoluminescance in the room temperature region :

Recently Delbecq et a119 have reported that the
thermal glow peak in KC1:T1 at 300° X results when
electrons are thermally released from thallium atoms into
the conduction band and recombination of these electrons
and T1**ions takes place. Since this concept is different
from the one advanced earlier by Joshi et a116 to explain
the occurrence of this glow peak in KCl:Tl, additional
experiments were performed to obtain more information
regarding the properties of the glow peaks around room

temperature.
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Glow curves have been recorded for a number of
KCL:T} specimens after irradiation at room temperature.
. The characteristic g}ow curves obtained in the case of
various sampleg are presented for discussion; In accord-
ance with the.general practice each peak in the glow curve
is designated by the temperature at which it appears. The
glow peaks discussed are those at 300,325 and 350° K.
Slight variations from these poéitions on the tempera- -
ture scale are observable in the figs. In all the glow
curves the intensities are given in arbitrary units.
KC1l:T1 phosphors are known to exhibit two main emission
bands, one in the vissible and the other in the ultra-
violet. Preliminary investigations with filters separating
the two regions indicated that the gross features of the
individual glow pgaks, with respect to various pretreat-
ments of the specimen, remained the same and hence a
discrimination between the two regions was considered

unnecessary.

The typical glow curves obtained after ultra-
violet irradiation at room temperature of KC1l:Tl speci-
mens prepared by different methods and of varying thallium
concentrations are presented in fig. 4. Curves 1 and 2
are obtained with powder samples prepared by crystalli-

sation from agueous solutions with T1 concentrations 0.15
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and 0.3 mole percent«respectively._Curves 3 and 4 are

for the powder sa&ples pressed into the form of tablets
and curve 5 is for a sample prepared by quenching the
melt. In general two main glow peaks are observed around
310 and 350° K. ?hg 310° K peak is identified as the

300°K glow peak, the shift in the peak position being
attributed ﬁo the difference in the irradiation temperaé
ture. For example, the curves for KCl:Tl samples irradiated
with ultraviolet light near ligquid nitrogen temperature
and room temperature are presented in fig. 5. In this fig.
curves 1 and 2 are obtained with samples after ultraviolet
irradiation at liquid nitrogen ftemperature and curves 3
and 4 are for specimens irradiated at room temperature.
Curves 5 and 6 are obtained with ultraviolet irradiation
at room temperature and recorded 4 and 6 minutes after the
stoppage of excitation. It is evident from the fig. that
the position of the first glow peak is dependent on the
temperature of irradiation. Moreover, it is of interest

to note that for a decay time of few minutes after the
stoppage of irradiation, the peak position shifts to
higher temperature and is observed around 325°K (curves 5
and é). One of the methods of resolving the péaks when
they merge is to subject the specimen to cycles of heating
and cooling without re~egcitation, Such a technique used

in the case of a sample prepared from melt is presented
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in fig. 6. A weak glow peak is observed at 325° K in the
second heating run without re-excitation. Curvés 5 and 4
are for KOl:Tlﬂspecimgns prepared from solution and melt
respectively, and recorded lmmediately after u.v. irradia—*
tion at roomltemperatdre. The presence of a weak shoulder
at 325° K is disce:nible in these curves. The results

imply fhat the traps_co;respopding to 300 and 325°K glow

peaks are different in nature,

If the powder samples are subjected to prolonged
X-irradiation in visible light and the glow curves recorded
subsequently, two glow peaks at 325 and 350° X, are
observed (fig. 7, curve 1). On the other hand, if the
sampleé are X~irradiated in dark, the thermoluminescence
recorded shows a very prominent glow peak around 350°K
(fig. 7,curve 2) Pig. 8 exhibits the glow curves for a
KC1:T1 specimen after room temperature X.uirradiatién in
the dark for short durations. Curves 1,2 and 3 are for 5,
10 and 15 minutes X~irradiation in the dark. It is seen
that the 350°K glow peak develops strongly and over— )
shadows the 325° K glow peak as the irradiation time is

increased.

Thermoluminescence study of "pure" and Tl-doped

KC1l single crystals after x-~irradiation was also carried
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out. "Pure' crystal does not show any measurable peak in
the réom témperatnre region,_after prolonged g—irradiation
in the dark, even at the maximum sensitivity of the
detector. (fig. 9; curve 1) A KC1:T1l crystal, obtained
by thermal diffusion of T1Cl, exhibits in its glow curve
& pronounced glow peak at 325° K when irradiated, in the
dark at room temperature, eitﬁer with ultraviolet light
or x~rays. In the fig. curve 2 is for ultrayiolet irra-
diation and curve 3 fop x-irradiation of the specimen.
Besides 325°K glow peak, a sharp shoulder around 350°K
is also observable in curve 3.

by

It has been suggested beforeAJoshi et al16

that
the glow peak at 300°K is due to a species of phosphore-
gcence centres formed by a 1 - negative ion vacancy
complex in the region of the lattice away from disloca-
tion and that the glow peak at 350°K is due to a similar
complex but in the vieinity of a charged dislocation. It
has been proposed that during ultraviolet irradiation,
an electron from 71% ion is transferred %o the adjacent
negative ion vacancy which results in the formation of
Tlﬁ+ion and P centre on neighbouring sites. Such direct
ionization of 1% ion by ultraviolet irradiation cannot
be ruled out since the electrons are excited from impurity

levels rather than from valence band. In fact, coloration
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of alkali halides by ultraviolet irradiation has been
known for a long time163"165. However, it was generally
considered to be a property of the impure crystals i.e.
filling of existing vacancies rather than the creation
of new ones. It is only recently that experiments have
demonstrated the creation of F centres in nominally pure

1665167 168

crystals . Pooley’ has suggested a theoretical

explanation of ultraviolet coloration via exciton decay.

The thermoluminescence smission’of KC1:T1 has
been suggested by Joshi et a116 to result from tunnelling
between the F centre and the adjacent 11**ion in which
the electron from F cenfre and trapped hole, Tl++,
recombine radiatively. There is now a general agreement
that below about 500°C dislocations (edge components) in
alkali halides are negatively charged with a surrounding
cloud of positive charges namely, negative ion vacéncies.
Since an electron trapped at a negative 1lon vacancy, in the
neighbourhood of a negatively charged disloéation{ will
be more resistant to thermal bleaching than the one
trapped at a vacancy away;from dislocation, the Pt
.negative ion vacancy complex in the vicinity of a disloca-
tion has been assigned to 350° K glow peak. When a

KC1:T1 specimen is subjected to cyclical succession of
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excitation at room temperature, heating to around 450°K
and cooling, significant changes in the intensities of

16. These

the 300 and 350°K glow peaks have been observed
changes occur iﬁ a manner depending on the time that
elapses between two consecutive thermal cycles. If the
glow curve is recorded immediatelly after the previous
heating run, one observes progressive decrease in the
heights of the two glow peaks. On the other hand, if the
time interval between two consecutive cycle is. suffi-
clently large (~ 15 hrs.) the two glow peaks regain
their‘strength. Such changes in the trap distribution
broughtzabput-by ?hérmal cycling indicate fhat the primary
process, in the formation or destruction of the phosphor-
escence centres associated with the two giow'peaks, is

the vacancy diffusion. Vacancies are known to be suffi-

ciently mobile in the room temperature region.

In KC1:T1, a new~g}ow peak at 325° X has been ’
observed in the prgseﬁt work. This peak éppears with 350° K
glow peak if the specimen is simultaneously irradiatéd
with x-rays and illuminated with visuible light. It is
completely overshadowedﬂdue to strong development of
350° K glow peak after prolonged x-ray irradiation of the
specimen in the dark (fig. 7). The latter result suggests

that there is no ene-~to-one correspondence between the
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phosphorescence centres responsible for 325 and 350% K
glow peaks. This is borne out by the results obtainéd by
subjecting the specimen to x-ray exposures of short dura-
tions (fig. 8). The 350°K glow peak is observed to grow
more rapidly compafed té 325° K peak.

The behaviours of 325 and 350° K glow peaks are
qualitatively similar to those noticed in colour centre
work. It has been reported by Christy et a166 that the
rates of productipn by x~-rays for F and VB centres are
closely linked, so that both kinds are probably formed in
the same elementary process. On the other hand, the numbers
of the two kinds of cenfres are not necessarily equal so
that F centres are formed without the corresponding forma-
tion of VS centres. This means that some of the holes are
trapped elsewhere than at a V5 centre. This type of
problem in coloration phenomena, in which large concen-
tration of electron centres and only a few hole centres
are observed, arises in general in both pure and impure
alkadi halide crystals. It is now believed that trapped-
electron colour centres are formed by a mechanism which
involves the production of intersfitial halogen atoms.

These interstitial atoms may diffuse together at room

temperature to form halogen molecules or molecular-ions
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which are stable qhemipal;y and may or may not give rise
to observable optical_absorption bands. As a result, the
number of F centres formed may not be broportional_to the

number of traps giving rise to V band absorptions.

F centres will naturally be prevented from g;owing'
in number if the visible_light is allowed to fall on the
specimen during x;ray irradigticn, On the other hand, the
concentration of F centres will continue Ho increase with
the increase in the irradiation dose, if the excitation
is carried out in the dark. A parallel behaviour of
350° K glow peak obsefved in the present work (figs. 7
and 8) suggests. that this glow peak is related to
trapped-electron type centres since only such centres have
been reported to have absorption in the visible region.

As mentioned above, the model for 350° K glow peak has
been suggested to be related to F centres near disloca~
tionslG, which is consistent with the present analysis.

The changes in the relative heights of 325 and 350° X

glow peaks with the duration of x~ray irradiation in

the dark (fig. 85 clearly indigate that for 325° K glow
peak there is a tendency to saturate whereas the 350° K
glow peak grows with the increase in the irradiation dose.
It is believed that 325° X glow peak may be related to cer-

tain species of halogen molecular-ion (i.e. halogen

N
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molecule or higher aggregate that has oa@tu:edla hole)
complémentary to the F cenﬁre. Ehis would of course

mean that some of the holes are trapped at some other
molecular-ions Which are ﬁroduced together with F éentre
by the same primafy act of_generation and therefore
complementary to F centres. The association of molecular-
ion’ species with 325° K glow peak is also)in‘agreement
with the results presented in fig. 9. It is clearly seen
from the fig. that a KCl:Tl1 specimen, iq which T1Cl was
introduced by thermal difﬁusion, exhibits a pronounced
glow peak at 325° K. As discussed earlier in the fthesis,
it is‘bglieyed that in such specimens interstitial C1™
ions are present which after irradiation of the specimen,
lead to the creation of halogen molecular-ions. Thug, it
is suggested that the 325° K glow peak is related to
species of centres of traﬁped~hole type and 350° K glow
peak to those of trapped-electron fype. |

Effect of optical bleaching on 300° K glow peak ¢

On the basis of their experimental results,
"Delbecqg et allg suggested tha# in KC1l:71 ?he thermal
glow peak at 300° K arises because T1° atqms become ther-
mally unstable aéougd 280° K and release electrons into

the conduction band. These electrons are trapped at
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11" Fions and produce 71 ion in the §P1 state. These excited
thallous ilons then emit the characteristic 298 mp emission,

The steps involved can then be represented by

T1 — mlf + e | ,
Y R (391 ) ==y m1t (130) + hboos

In view of the proposed thermal stability of Tl°atems, this
is a very attractive proposal but the results reported
previously by Joshi et 2116 and those obtained in the

present work on optical bleaching argue against it.

The effect of F-light illumination on $OO°K glow
peak was investigated and the results obtained are
presented in fig. 10. It has been_observed that the effi-
ciency of bleaching is poor if the specimen is illuminated
with F-light at room temperature than at ligquid nitrogen
temperature. Hence, the bleaching with F-light was per-
formed at liquid nitroge£ temperature. In fig. 10, curves
1, 2, 3 and 4 represent glow curves obtained in consecu-
tive therma} cycles in each of which the specimen was
subjected to irradiation with ultraviolet light at ligquid
nitrogen temperature, heated to 330°K and then cooled .
During thermal eycling two effects must be distinguished

in the decrease of the glow peak height : decrease due to
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bleaching by F—ligh? apd purely thermal bleaching in the
dark. In the case of curve 2, the irradiated sgmple was
bleached with F-light for élminutés before measurement.
On the other hand, qu#ves 1, 3, and 4 were'recorded after
ultraviolet excitatign and é minutes decay. Although part
of the decrease in the height of the glow peak occurs as
a result of the;malicycliné, the much larger decrease in
its height, after‘optical bleaching, in the second cycle
(curve 2) and inqrease in the height, without optical
bleaching, in the third cycle (curyeQB) reflecf real
decomposition of . F centres due to optical bleaching.
This suggests that a negative ion vacanQyAis an obvious
possibility as a trapping site. There does not appear to
be any reason for avoiding the conclusion that in KC1:Tl
phosphor 71 ions =ct as enmitting centres since emission
bands characteristic of Tlf ion have been observed in the
phosphorescence and thermoluminescence emission of the

phosphor.

On the basis of the above inferences, it seems
reasonably clear that the thermal glow peak at 300°K
results from the recombination of the electron, released

from F centre, with the hole at 1**. K61:T1 phosphor

'

exhibits phosphorescence of_long duration and yet no

photoconductivity has been observed. It was therefore

16

suggested by Joshi et al that the T1Tion and negative
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ion vacancy.have close spatial association with each
other. The thermoluminescenéeﬂmechanism has been Suggested‘
to involve the transfer of the electron from 1% to the
neighbouring negative ion vacancy, during irradiation
at low temperature, and subsequent release of the electron
from the +trap and its tunnelling to the excited state
of the M ion. If tunnelling is important, it seems
likely that this takes place over a relatively short
distance and that T1' ion and negative ion vacancy may not
necessarily be the nearest-neighbours. The steps suggested
are -

P --» negative ion vacancy + e
e” + m*t s mt (P°p)) -5 ', (18.) + hy g

One may argue that the presence of nearby thallous
ion should influence the width of the F band at half -
height. Markham and Hersh1%? made measurement of half-
height width and the point of maximum absorption ofi
F band in single crystals of KCl, KBr, and KI both pure
and thallium doped wherein the concentration of T1¥ ioms
was approximately ten times the concentration of F centres.
They concluded that doping does not influence the F centres

directly. Similar conclusion was also reached earlier by
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163

Smakula from his study on Na¢l:Tl. The problem is

gimilar +to the one encountered in VK centre studies.

123 and Delbecq et a172

Castger and Kanzig found that the
reasonance specitrun of»the VK centre is 1ldentical in pure
KC1 and in KCL doped with T1%, Ag™ or Pb*™. Statistically,
the probability of having an impurity lon next to Glg is
small if both‘arg randomly distributed. However, the

possibility of nonrandom distribution cannot be ruled out.

Some observations on the behaviour of the absorption
spectrum of specimen II after ultraviolet irradiation at
room temperature may be reported. It is seen from fig. 11
that irradiation induces a strong F-band absorption and
also a noticeable absorption at 290 mﬁ. The latter is
indicative of the generation of 1% ions in the gspecimen.
One may therefore conclude that a fraction of the F centres
and 127t ions are produced in the same priﬁary process,
during irradiation. This premige is further substantiated
by the results presented in fig. 12. This figure exhibits
the changes in the absorption in the second run recorded
fifteen minutes after.the completion of the first absorp-
tion run. Decrease in the F band height and the suppression
of 290 mp absorption, during intermediary decay pericd of
fifteen minubtes, are obvious in the figure. One may

therefore reasonably assume that the electron-hole
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LY

recombination in the phosphorescence decay involves F-centre

electrons and holes at T+ ions.

In summéry,'yhe cgnfigurationalwcpanges in the
phosphorescence‘genﬁres, assoclated with 300°K glow peak
in KC1:T1, due to thermal cycling and the decrease in the
strength of this glow peak, due to F-light illumination
of the specimen, are consistent with a model of the
phosphorescence centre copsisting of a T1* ion and a

negative ion vacancy as suggested by Joshi et a116

« These
results are difficult to understand on the basis of the
concepts advanced by Delbecq et al19 according to which
thermal release of electrons from r1e atoms~are considered

important in the thermoluminescance proceés at 300° X.
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