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Excitation and High-Temperature Absorption of KC1:Tl
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U. S. Naval Researc1z Laboratory, 8'ashington, D. C.
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Optical measurements have been made on crystals of KCl with a wide range of thallium concentrations.
Absorption measurements have been made up to 560 C and excitation spectra for luminescence have been
measured from liquid nitrogen temperature to 100'C. These measurements, in conjunction with earlier work,
lead to the conclusion that there are at least seven bands in KCl:Tl: three in the "A" band region and two
each in the "8"and "C"band regions. The large shift from "C"band to "8"band at high temperatures
which has been previously reported was not found here. It is noted that the addition of small amounts of Sr
to KCl shifts the fundamental absorption edge to short wavelengths.

INTRODUCTION

A SMALL amount of thallium introduced into an
alkali halide produces a luminescent material of

considerable fundamental interest. The relative simplic-
ity of the cubic lattice, the univalent ionic nature of the
constituents and the apparent simplicity of the phos-
phor's optical properties have stimulated eGorts to un-
derstand the fundamental processes involved for more
than thirty years.

The absorption spectrum associated with the thallium
activator consists of three principal bands which Seitz'
has called the "A," "8," and "C" bands. In KCl:Tl
their spectral positions are 247, 209, and 196 mp, re-
spectively, and their relative strengths are C&A)8.
Associated with them are two main emission bands at
305 and 475 mp. Seitz' has proposed a model in which
the luminescent center consists of a thallium ion replac-
ing an alkali ion in its regular lattice position. Certain
optical properties of the phospher have been described
with some success using this model and a configuration
coordinate diagram proposed by Seitz' and developed
quantitatively for KCl:Tl by Williams. '

Recent experimental results, however, tend to suggest
that the apparent simplicity of the system is an illusion
and that a more complex problem must be dealt with
before a complete solution is obtained. Typical are the
facts that both the "A" and "C"bands are quite asym-
metric at room temperature but sharpen into essentially
symmetric bands at low temperature'; that an addi-
tional emission band has been found in the "2" ab-
sorption band region'; and that excitation of the two
main emission bands occurs in two separate portions of
the "A" band rather than in a single one. 5 Also of
interest are the additional facts that the "2"band ab-
sorption maximum shifts abruptly to shorter wave-
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length at the pressure-induced phase change; and that
the emission bands of thallium in NH4Br are aGected
in very diGerent ways by the thermally-induced phase
change. ' To account for these results, some authors' 7 '
have suggested that more than one type of center is
involved while others' have adapted the configuration
coordinate curves for the single center model to include
some of the new information.

It has also been reported by Forro" that at high
temperatures the "C"band decreased and the "8"band
increased in amplitude. This thermally induced change
in relative amplitudes has important implications in
choosing models for the centers involved. One purpose
of the present work was to reinvestigate the Forro eGect
and to see whether or not a similar eGect occurred in
the "A" band. In addition, it was felt that a detailed
study of the absorption and excitation spectra of car|.-
fully prepared crystals both as a function of tempera-
ture and thallium concentration would be worthwhile
in showing more clearly the "6ne structure" in the
optical spectra of KCl:Tl and in determining its proper-
ties. A careful study of this sort seemed necessary in
order to be able to evaluate the extent to which various
simple models describe this system.

EXPERIMENTAL TECHNIQUES

A. Crystal Growth

The crystals were grown under dry argon gas by the
Kyropoulos technique. The apparatus consisted of a
temperature controlled electric furnace with a cylindri-
cal quartz liner; a close fitting Pyrex lid for the liner;
a hollow, gas-cooled platinum "Anger" which was raised
continuously by a variable speed motor drive; and a
p1atinum crucible containing the melt. The lid has a
small central hole for the 6nger, two larger holes for
observation ports which are closed. by glass cover slides
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during the growth, and a gas inlet tube. The crucible,
liner, and finger were cleaned before each growth in
boiling HN03 and then in boiling HCl. A large single
crystal of KCl grown by the Optovac Manufacturing
Company was used as the starting material. The thal-
lium was introduced as TlC1 powder which had been
triply recrystallized from aqueous solution, ground to-
gether thoroughly with a much larger amount of the
Optovac KC1 and placed in the bottom of the crucible.
The crucible was filled with cleaved KC1 sections and
placed in the bottom of the liner. The lid and finger were

put in place and the liner thoroughly Gushed with dry
argon gas. The gas was allowed to Qow continuously,
maintaining a small positive pressure in the liner
throughout the rest of the process. The furnace was
then heated to above 200'C and held there overnight
before the growth. The crystals were grown with an
average rate of rise of the finger of about 0.2 inch per
hour and were allowed to cool slowly to room temper-
ature in the furnace before removal. The crystals grown
for these investigations had "A" band absorption max-
ima ranging from 0.9 cm ' to over 400 cm ' corres-
ponding to thallium concentrations" of approximately
10 ' M % to well over 5)&10 ' M %.

B. Excitation

The excitation spectra of a series of thallium doped
KCl single crystals were measured between 200 mp and
290 mp at room temperature. Monochromatic excita-
tion was provided by a Beckman DU Spectrometer with
an Allen arc hydrogen lamp and by a Gaertner quartz
prism spectrometer with a Xenon arc lamp. The crystals
were mounted as shown in Fig. 1 with one face normal
to the exciting light. The Quorescence excited in a 14-mm

length of the crystal was observed at right angles by
an RCA 1P28 photomultiplier. This arrangement mini-
mized the refiected light reaching the photomultiplier
and increased the detection probability for weak or in-
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FIG. 1. Schematic arrangement for excitation measurements
with crystals. The 'right-angle arrangement reduces stray light
reaching the photomultiplier to a minimum. The alters are used
to select the emission region to be studied.
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efficient emissions. Sharp cutoG Wratten, Polaroid, and
Corning filters were used to study selectively various
regions of the emission spectrum. Some additional cor-
roborative work with narrow band interference Alters
was also done. The data were reduced to the same scale
and corrected to equal numbers of quanta incident by
comparison with a plaque of sodium salicylate which
has constant quantum e%ciency in this region. No cor-
rection for photomultiplier sensitivity was applied; as
a result the plotted excitation bands for the ultraviolet
emission are enhanced relative to those for the visible
emission. No excitation of the 247-mp emission band
separate from that of the 305-mp, band was found at
room temperature. This agrees with previous reports4
and indicates that the contribution of the 24"I-mp band
to the total emission at room temperature is negligible.
Excitation data are presented for the visible emission
alone and for both the 305 mp and the visible emissions.
It was found that the very broad visible emission could
not be entirely eliminated by the use of filters.

C. Absorption

The absorption spectra of several of the thallium
doped KCl crystals were measured from room tempera-
ture to 540'C. The optical ovens are described else-
where" and were used with a Cary Model 14 spectro-
photometer. The data were taken in the region from
185 mp to 280 mp, with considerable accuracy and detail.
ReRection corrections were applied by subtracting linear
base lines drawn for each curve between the extremities
of the impurity bands. No residual sects of the heating
were found in comparing the spectra before and after
the high-temperature run with the exception of the ap-
pearance of a small band at about 195 mp, . This band
was uniform through the crystal, therefore not a surface
effect, and was apparently unaffected by the presence
or lack of impurities or by subsequent reheating.

RESULTS

For convenience the data will be divided into two
sections. First the "8"and "C"bands will be discussed
and second the data on the "A" band will be presented.

The excitation spectra for 6ve of the thallium-doped
crystals are shown in Fig. 2(a) for the combined 305 mp,

and visible emission bands and in Fig. 2(b) for the vis-
ible emission alone. Comparison of the ordinate scales
shows that the contribution of the weak visible emission
is rather small in Fig. 2(a) so that it shows primarily
excitation of the 305-mp emission band. The absorption
coefficients of the "A" band maxima of crystals 1
through 5 are 101, 415, 16, '1.3, and 0.9 cm ', respect-
ively. Crystal 6 is the undoped control crystal. Xo sig-
ni6cance is attached to the apparent decrease of exci-
tation with increased absorption in crystal 2 relative to
crystal 1.

"D.A. Patterson and H. S. Goulart, Rev. Sci. Instr. 29, I141
(1958).



DAyy D A PATTE

6.1

$0.—
i.

I'll

5.8
ELECTRON VOLTS

5.2 4P
I

' '
~

'
lip

I

2.0-

I.O-

Q
Ch
CD

4J

O

0~ 005--Z
4JI-Z
LU

6 0.04-

lL

Q02-

I

960 2IO

5
t681 . I . I

270220 230 240
EXCITING WAVELENGTH (m~)

IG. . of Kcl crystals containing different

ance is attached to the fact thatan
t t ~b~t h t tohi her thallium concentration ucrystal 2 as a g er

amplitude than 1.

ccrc»band at y9$ mp and a verya single sharp a
t room temperatureound. On warming o roband were «

and became asym-grew and thethe
"C"band can be described bymetric. The asym

d at 20) my with
roxlmatel half its amplitude

d nto the high temperature region ypbeen extended into t e ig

'n which the amplitudes of the bandsg o ry
and the crystal thicknes yss ver nearly up ica e

dashed curve is Forro s ig - em-used by Forro. The
data. The detailed behavior in t e

4 th th k t 1bown in Fig. 4 or ano er'
hN Cl':Tl..d.;th...

tl N bt til o th
ere obtained wit a

tern erature was o serv
as is a arent in the 6gures, t e

I t 1 b c d by the ad-was complete y o scur
vancin fundamental absorption edge at evancing un

orted measurements.tnIes a,t whKh FOIIO I
e of the thermally broa eneA rough estimate o

he "8»band was's contribution to the increase in t e
t 1 ganges in amplitude an

d d assuming Gaussian
in the experimenta c ang

half-width oof the "C" an an as
s. The results indicatedshaped bands with constant areas. e res

50—

40

in that region. The "8» band is clearly presen a
b d" -.g"-ng.n h. l.n,
e " "band as the Tl concentration

and another an is se
wavelength side of the " an as

6 f 1fh 1,
'o h d tector sees only the

2~b~ shows the e ect o rem
violet emissio'on so that now t e e ec

n be ond 385 mp, . e a i
'. Th dditional band atgo y ~

oncentrations. There is
t 218 mp, is clearly associate wi e

sion and with g
'

h hi h t a ium conce
f additional asymme ry gt rowing on thealso evidence of ad

' '

n thsideof the218-mp an . eb d. The excitation
1 d d here for conv ni-a for the "A» band are inc u espectra or e

'th th same experimental ar-ence. They we re taken wit e s " and "C" bands.as was used for the " anrangement as
oved resolution,Additiona an1 "3»b d spectra, with improved

orted' for temperatures from 4reviously been reporte or
eratures

p
to 295'K. In the an"C» b nd region at low temperatu

m b Eagles and» A similar ban asb d h s been reported at 214 mp y
Joshi, reference 8.

id

LL.
LL
LU
O
CP

0 20I-
lK
O

Io

210 220
I I

190 200
WAVELENGTH ( m~ )

re on the absorption spectrum in theFIG. 3. Effec temperature on e a in the
n "C"bands of T in

. The curves are corrected forof Forr6' is shown for comparison. cu

220 mp. The crystal thickness is . cm.



WAyELENGTH P'
260250

I

OF Kcl:T'RP T)ON 0URF ABSMpp R. AT

270
I

se in the
240

f the increast w«k~ '.
Olely to th' ther

that, in the p
Id be ascribed o

nt data fai

«g» band reg
«C» band Thus

d ported. by

jPn cou
s the Prese&pf the '

. '
ccrc» ba,n re

roadening o
pwth in the

its is not pres-
roduce the g o

djgerent resu
o rePro

pn for theseFprro. The reaso

the present
ently un

ting djfferen
'

h-temperatu re
Another inte

'
fpund in t e

1 bsorption
prk and that p

of the funda
to shprter

pf FPrro is
menta a sppsitipns

„KC1
~~yenta}~

'
sent woravelengths

f d in NaC cry
1

'
which the

same
&s ure sy

me diGerenc
synthetic c y

The carehere.
tlon. of Fo

th that fp
s lt seem

cep '" .
n agrees wl

r stals makes
e

e aringt e
dge position

h present crys
ll d that thet ls sma an

taken jn prep
rjty content l

hprter wave-
thejr imPur .

ed e to s or
}lpely that

h absorptlpn e g
f certai»m

displacemen
duced by the p

ted by repen
resence olengths m y

h ossiblllty
dd tion of som

be prp . . .
;s sugges

e
s. Anot er p

that a
perfectlpns.

t has been f«sta]. s may sub-

k&4 in which it
lkali halide cry

f ultra-
violet. .

ancies note
ture ppsltipn

~

f the dlscrepa
i h-temperatu p

Cl
d np ar

d in NaC1 bu
d very nearl

the funda
} rter wavelqng

d by Form
ed e to s o

KC} rePPrte
shift the e g

ynthetic
'

jpn pr sy
~

ect is p la,nned.
to the ppsit o

terest»g e
ta} data pn

on this ln
ex erimen a

the optical prop

h'd f'ious work'
absorption an

I.O-
I-
(A

~ 0.8-
Cl

—0.6-I—
CL
O

0.2-

V)

CC

I-
tQ
CL

O,S-

& 06-
LLI
ID
~04
C3
I-
o 02-

4,8 4,750 4.9

~ ~

0

ELEC

n r tion spe
C
op

of Tl in KCl.h "A" band o
h Other e pe

'

n of the comple
5b.

using asaedbnd Aaussian shape

4,65,! g

WAVELENGTH m p

I

205
I

220
I

210
I

225
I2.0

l.2—
V)

O

CL+ 0.8

5.5

at 261 meak position a

temperature.

P

icu o to room
ndo db0 thegrowtho a

h abrupt shi. Fromt e
an s the change ln s r

at lg

h h accomp y
type o - e

ht f
CsCI arrar|ge

ta
1

y

t. In addition

sul'

to these an
ddt 1 b

P
1

0.4—

es fa
pQ/C&RON VOL.TS

spectrum
constant re ec

'
Qection cor-

he three a
as the

to 0D aas-f Tl in KC1. A

f dtand 262 mp w'

bands.3

obtained wit
'

l

.A. Patterson, P ys.'4 H. W. Ktzel and D.



966 D A V I D A. PATTE RSON

5I

C
ELI
K
ct 3
ELJ

tL

O

clI-
4J
X
K
UJ
o.
X
UJ

00 . I
400

TEMPERATURE (4K)

FIG. 6. Effects of temperature on the "A" band absorption
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FIG. 7. The "A" band absorption at room temperature and at
834'K for the two KCl:Tl crystals used in Fig. 6. The curves are
normalized at their peaks. The peak absorption coeKcients at
room temperature are 2.6 cm ' for crystal 1 and 41 cm ' for
crystal 2.

In Fig. 5(a) the "2"band absorption of a KC1:Tl
crystal measured from room temperature to 561 C is
shown. It appears that there is a general broadening and
shift to long wavelengths as the temperature is in-
creased. In Fig. 6 the "A" band areas measured with a
planimeter are plotted against temperature for two crys-
tals with diferent thallium concentrations. Their room
temperature absorption maxima, which are related to
thallium concentration, "diBer by a factor of 16. Curve
1 is for the lower concentration and curve 2 is for the
higher concentration Lfrom data of Fig. 5 (a)].The areas
have been normalized at room temperature and the low-
temperature points are from reference 3. It is apparent
that the area of the "A"band decreases as the tempera-
ture increases and that the rate of this decrease in

area is dependent on the thallium concentration in the
crystals.

A likely reason for the dependence of the curve area
on the thallium content of the crystal is shown in Fig. 7.
In this 6gure the "A"bands for the two crystals in Fig.
6 are shown normalized at their peaks and plotted at
room temperature and at 834'K. Their shapes are iden-
tical at room temperature despite the diferent thallium
contents of the crystals. This shape actually remains
unchanged over the entire range of thallium concen-
trations investigated. This indicates that the relative
amplitudes of the A~ and A2 absorption bands are es-
sentially independent of thallium concentration. How-
ever, a significant diGerence in shape is found in the
high-temperature "A" bands of the two crystals. This
is due to the more rapid growth of the long wavelength
tail in the higher concentration crystal number 2. Thus
the dependence on thallium concentration of the area
versus temperature curves in Fig. 6 is apparently due
to the concentration-dependent growth of the long
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FIG. 8. Effect of temperature on the excitation spectrum for
uv emission of.a KCl:Tl single crystal with low thallium content.
The absorption coeKcient at the peak of the "A"band is 7.3 cm '.
The data are uncorrected.

vravelength tail of the "A" band. This tail is in the
vravelength region to be expected for the Ag band at
high temperatures. Also the increase in this region vrith
thallium concentration is in agreement vrith the inter-
pretation of the A3 band mentioned above.

In Fig. 5 (c) it is shown that the "2"band absorption
curve at 298'C can be resolved analytically into three
components having maxima at the A~, A2, and A3 po-
sitions. The analysis used here assumed only that the
bands were Gaussian in shape and that the A3 band
peaked at 261 mp. The positions and magnitudes of the
other bands were derived from the data.

Thus the absorption data indicate that; (1) at low
temperature there is a single, symmetric 2 & band; (2) at
room temperature there is an overlapping A2 band at
longer wavelength which has the same dependence on
thallium concentration as the 2 r band; and (3) at higher
temperature there is an overlapping As band vrhich in-
creases with thallium concentration.

Further evidence for the existence of the three com-
ponent bands indicated above is found in excitation
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spectra taken with improved resolution. Figure 8 shows
the excitation spectrum for uv emission of a KC1:Tl
crystal with a low Tl concentration. The emission ob-
served in this case is almost exclusively the 305-mp,
band. The primary effect of increasing temperature is
an increasing asymmetry at about the position of the
A ~ band. It is also found that the A ~/Am ratio at room
temperature is essentially independent of Tl concen-
tration. These facts, similar to those found in absorption
spectra, indicate that the A & and A2 centers vary in the
same way with concentration but have diGerent tem-
perature dependences.

For the visible emission, both the temperature effect
on A ~ and the A I/A2 ratio depend on Tl concentration.
For low Tl concentrations, the shape of the spectrum is
unaffected by temperature. At higher concentrations, as
shown in Fig. 9, the A2 band becomes quite prominent
at low temperature and strongly temperature depend-
ent. This is just the opposite of the uv case and might
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reasonably be ascribed to an increasingly efBcient
energy transfer from A2 to A z (visible emitting) centers
as the number of centers and their proximity to one
another increase. On the other hand, the A3 band at
265 mp, grows at a rate which seems to be consistent
with the increase of absorption in this region as shown
in Fig. 5.

Although the above effects are somewhat complex it
seems clear that there are again at least three bands
in the A~, A2, and A3 positions. Each of the bands
will apparently show both uv and visible luminescence
under certain circumstances. It seems likely that this
is partly due to the closeness of the bands in energy
and, for high concentrations, of the centers in space
which would allow for easy resonance transfer of energy
from one center to another. In the low concentration
case, where this complexity is least troublesome, it

seems clear that excitation in the A ~ and A2 bands gives
rise to uv emission and in the A3 band to emission in
the visible region.

SUMMARY

It is felt that little doubt remains about the complex-
ity of the "A" band in KCl: Tl and that there are at
least three component bands involved. These are called
the A~, A2, and A3 bands in this paper. The high-tem-
perature absorption curve can be analytically resolved
into three Gaussian bands whose peak positions match
those of bands observed in low-temperature absorption
and excitation spectra.

The A~ band at 247 mp is the strongest and is most
clearly seen in low-temperature absorption and excita-
tion spectra. It increases with thallium concentration,
decreases with increasing temperature and leads pri-
marily to the 305-mp, emission band. Its suggested ori-
gin is a center composed oj a substitutional Tl+ in a
local CsC1-type environment.

The A2 band at about 253 mp is seen most clearly in
low-temperature excitation spectra. Absorption data in-
dicate that its dependence on thallium concentration is
the same as that of the A & band. It apparently increases
with temperature and produces primarily uv emission.
The responsible center has been suggested' as being a
substitutional Tl+ ion in a local NaCl-type environment.

The Aq band (or bands) between 262 and 266 mp is
seen in excitation at room temperature and indirectly
in its effect on the shape of the absorption curve at high
temperature. It increases with thallium concentration
and with temperature and produces visible emission.
It is probably due to an interaction-type center (e.g. ,
pairs or aggregates).

The "C" band is also complex and, from absorption
measurements, is composed of at least two bands at
195 and 201 mp. There are also the "8"band at 209
mp, and an additional maximum at 218 mp in high
concentrations.

Thus it seems clear that there are at least seven ex-
citation and absorption bands in thallium-doped KCl.

The Forr6 eBect (growth of the "8"band absorption
with increasing temperature) has not been observed in
KCl: Tl or NaCl: Tl in the present investigation. In ad-
dition, a considerable difference exists between the high-
temperature positions of the fundamental absorption
edge observed in the present work and in that reported
by Forro, except in synthetic NaC1. This difference is
removed by the addition of Sr to KC1 but Ca in NaCl
has no apparent effect.
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