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[ 1-1 ] Radiation Damages in Solids

The sharp developement of the nuclear physics thirty
years ago has given the possibility that man utilizes the
nuclear reactions as a new energy source, and has given
scope to some connected areas of the research. These
areas have now been systematized, under the aim of utiliza-
tion of atomic enefgy, as the " nuclear engineering ".

This field of engineering has involved several char-
acteristic problems which must be newly solved, though it
is sure that the nuclear engineering has based on achieve-
ments of other fields of engineering and science which are
established earlier..

Radiation damage 1is one of the most important sub-
jects which nuclear engineering must clarify. Nuclear
reactions, fission as well as fusion, always accompany
radiations eXtending from the high-energy photon to heavy
charged particles involving fission fragments. This situa-
tion has brought forward the problem of behaviours of mate-
rials under radiations.

Here radiation damage is defined to involve all pheno-
mena resulted by the interaction between materials and
radiations as well as the radiation-induced changes in
properties of materials, and materials are restricted to
crystalline solids.

Let us now pay our attention to defect formation by
radiation; this is one of the main phenomena of solids under

the radiation, andthis is the origin of changes in proper-



ties of solids. _

Following three generic classes of defect formation
process can be distinguished; electronic process, elastic
collisions, and radiolysis.l) The electronic process
includes all changes in electronic states owing to absorp-
tion of radiation energy, but does no formation of defects
of crystaline lattices. Elastic collisions are the process
where atoms and ions are displaced due to momentum and
energy transfer from irradiating particles. Radiolysis
process involves creation of defects of lattices which
originates from an electronic excitation followed by a
series of reactions. |

In general, these entire range of defect formation
processes results in extremely complex radiation effects.
One of the useful approaches in understanding the mechanism
of radidtion damages has been " the method of analysis ",
namely the simple act of choosing to work on solids which
are chemically and structurally simple.z)

In this work on radiation damages, from this view
point, alkali halide crystal which is the typical ionic
crystal and is one of solids with most simple structure
is adopted as a "solid'", and radiations are limited to
ionizing radiation at low temperature. This combination and
restriction make radiolysis dominant in defect formation, and
some aspects of radiation effects relatively simple. Thus
this work concerns damages by radiolysis in a nesrly ideal
ionic crystal.

[ 1-2 ] Color Centers in Alkali Halide Crystals

The ionizing radiation damages in insulaters has been
studied for some 40 years. This type of study in alkali
halides has been known as color center physics, since the
radiation-induced defects in this solid cause optical absorp-
tion from ultra-violet( uv ) to visible 1light regions
which were transparent before irradiation.

The main reason for which this subject has been studied



by many workers for a long time is following; this gives
considerable insights into the interactions between electrons
( or holes ) and other electrons, phonons or nuclei in insu-
lating solids, because of applicability of a wider range of
experimental approaches and techniques and of enabling
workers to compare theory and experiment more deeply for
clearer understanding.

The study under the aim of technological application of
color centers has also been made. Color centers are now
widly used in dosimetry and have a potentially wide applica-
tion in information storage and processing devices.s) Since
such area of studies is, however, far from the aim of this
work, further descriptions on the applied research
given here.

The research of color centers except the technolo-
gically ' oriented application can be distinguished into
following categories;

1) study on phenomena under irradiations,

2) study on properties and configurations of created

defects, '

3) study on defect annihilation process,

4) study on effects of radiation-induced defects on

bulk properties of crystals.
The first category aims now to clarify defect formation
mechanism and luminescent phenomena. The second is the
study to understand the states of localized electrons and
holes associated with, in most cases, lattice defects. The
third involves the studies on the phenomena such as thermo-
luminescence ( TL ) and thermally stimulated conductivity (
TSC ) which take place during annealing of irradiated crys-
tals. In the fourth category, the object of study is the inter-
actions of radiation-induced defects with other species involved
in the host crystal.

Brief reviews on .the first, third and fourth categories of
research will be given later in the appropriate parts of this
thesis, to make clear the present problems in these fields, since
these three are mainly investigated in this work.



In the second category of color-center research, pro-
perties of excited states of defects in alkali halides have
been currently studies, though this work does not concern
these properties. On the other hand, the most properties
of the ground states and the configurations of typical
simple color centers are well understood so far. In the
following part of this -section, these establishments are
summarized in the sense that what types of defects are
created by ionizing radiation at low temperature.

In Fig.1:2-1 are sketched some of defects which have
close correlation with this work, and a few comments for
these defects will be given later.

The first result which should be stressed is the fact
that the Frenkel defects are created by radiolysis. The
initial evidence is the discovery and establishment of the
configuration of the H center based on the electron para-
magnetic resonance ( EPR ) and optical absorption measure-
ments.4'6) The H center is essentially the dihalide mo-
lecular ion located in one anion site, as illustrated in
Fig.1-2-1. This assignment strongly indicates :that the
interstitial halogen atom is produced together with its
complementary center, the F center, at least at low tempera-
ture. .

More powerful evidence that Frenkel defects are created
by radiolysis comes from simultaneous measurement of the ex-
pansion of a crystal and its increase in lattice constant.
When Frenkel pairs are formed, equal changes in the macro-
scopic size and the lattice constant of a crystal should
be observed. 7) Balzer et al. have demonstrated that the
percentage increase in lattice constant and macroscopic
size is the same at all temperatures up to room tempera-
ture. 8) The typical example of their measurements are
shown in Fig.1:2-2. Their study thus has established that
the radiolysis in alkali halides results in the formation
of Frenkel defects.

Now, two types of Frenkel pairs are well known; one 1is
the neutral Frenkel pair consisting F and H centers mention-



Fig.1.2.1. Schematical lattice configurations of simple defects

in the anion sub-lattice of alkali halides with NaCl
structure. Only defects which have close correlation with this
work are sketched. An anion vacancy is abbreviated here mainly as F
instead of the older notation of o, based on the notation of
Sonder and Sibley.l)
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Fig.1:2-2. Relative lattice parameter and length
changes for alkali halides x- ray
irradiatéd at room temperature. ( from ref.8 )

ed above, and the other is the charged Frenkel pair which
consists of an interstitial halogen ion, the I center,
and a halogen vacancy, the F' center.

Theoretical lattice calculation 9) has suggested that
the I center is an interstitial halogen ion situated at the
center of the cube formed by four cations and four anions.
However, LohstBter et al. have concluded that the I center
is a cube-oriented defects, based on their experimental
results of diffuse x-ray scattering}O)The configuration of
the I center has not been clearly established so far.

These halogen interstitial atoms and ions can be trapped
by nearest neighboring alkali impurity ions to form the HA

and I, centers.ll_ls)

The configuration of the HA center
associated with a Na' ion in KC1 has been identified by
EPR studies.lz) The configuration is also sketched in
Fig.1-2-1. The model of.the IA center has not yet been
established, as that of the I center has not.

Another interesting and important defect, which accom-

panies no defects of lattices, is the V, center. This is

K
essentially the self-trapped hole in perfect crystals. The



EPR study has established its configuration of that the
VK center consists of two nearest-neighbor <110> halide ions

16)

which trapped a hole. The VK center associated with an

alkali impurity ion, the VKA center, is also formed.17’18)
It is noted that the formation of a self-trapped hole must
accompany trapping an electron by some other defects, such
as impurity.

The self-trapped hole does play an essentially impor-
tant role on the radiolysis in alkali halides.

[ 1-3 ] Outline of This Work

The view point of the author on the inonizing-radiation
damages in alkali halides is followings. The defect forma-
tion due to irradiation results in the changes in electronic
and lattice states which accompany the increase of total
energy of the crystal. In other words, the defect formation
is the radiation-energy storage in the form of lattice ener-
gy. This stored energy is the fundamental cause of the
radiation-induced changes in properties of the crystal, and
thus the recovery of the changes in properties originates
from the release of stored energy due to defect annihilation.

Based on the view point, the ionization damages can be
divided into four regions as shown in Fig.1:3-1. The re-
gion I involves defect formation process through which the
radiation-energy is stored. After some transient phenomena(
the region II ), an "excited" state is formed. Properties
of the excited state compared with those of ground state,
i.e. the state before irradiation, are called radiation
damage in a narrow sense( the region III ). By external
stimulation, for example by heat, the stored energy is re-
leased due to defect annihilation which accompanies the
recovery of radiation-induced changes in properties ( the
region IV ).

One of the main part of this work concerns the defect

formation mechanism. Following sequence of processes can



0 I IONIZATION-DAMADE PROCESS
' Ionization
Hole Relaxation and Exciton Formation
Decay of Exciton
1) Radiative Decay { Luminescence }
2) Non-Radiative Decay

STORED ENERGY

i) phonon creation
ii) defect formation

31 TRANSIENT PHENOMENA

0 TIME — 111 PROPERTIES OF AN " EXCITED " STATE
gm— {( Radiation-Induced Changes in Properties )
X{Y) RAY
or T IV DEFECT ANNIHILATION AND RELEASE OF STORED-ENERGY
PULSE
ELECTRON Release of Stored-Energy

1) Phonon { Stored-Energy )
2) Photon ( Thermoluminescence )

I ‘n,'m’ lV Thermally Stimulated Conductivity
Thermally Stimulated Electron Emission

Fig.1.3.1. Distinction of the ionization damages present study
concerns. The study on the region II is not involved in

this thesis. Typical distinguishable phenomena in each region are
mentioned in the figure.



be distinguished at the region I;
1) ionization, or creation of free electrons and holes,
2) hole relaxation and exciton formation,
3) decay of the exciton.

Since the first and second processes are considered to take

16 cec and 10712

place within very short time, less than 10
sec, respectively, direct observations of them are not
possible at present. These processes have been treated
only theoretically and/or by speculations based on the re-
sults of post irradiation. Our detailed experimental study
on the region I, thus, is limited to the third process, or
the decay of created excitons.

Two types of exciton decay take place; one is the
radiative decay and the other is the non-radiative one. It
is generally accepted that color-center formation is taking
place through non-radiative decay of an exciton. Therefore,
properties and behaviours of excitons are one of the subjects
studied in this work.

It is also possible to distinguish radiolysis in alkali
halides into following sequences; one is the dissociation
of an exciton, and the other is the secondary reactions of
created primary interstitials. The latter process 1is im-
portant to understand the color-center formation at tempera-
tures where the primary interstitials are not thermally sta-
ble; the interaction of these interstitials with other
imperfections to form variety of complex interstitial cen-
ters is the dominant reaction at the temperatures. The
secondary reactions of created interstitials is the second
subject which is investigated here.

The third concerns the mechanism of release of stored
energy or defect annihilation ( the region III ). In gener-
al, stored-energy is released in two ways; in the form of
light and of heat. The former is thermoluminescence and
the latter is the release of '"stored energy' in a narrow
sense. The special interest lies in thermoluminescence,
since it involves the conversion of lattice energy into

the energy of electronic excitation which results in the



emission of photons. Thus the mechanism of thermolumines-
cence has the reverse property of radiolysis. This has
been studied for pure, or non-activated, materials.
As one of properties of an 'excited" state( the region
IV ), radiation induced changes in mechanical property,
hardness, of alkali halides have been studied.
This subject is a typical one of studies in the fourth cate-
gory mentioned before and has been known as radiation harden-
ing. In the study of radiation hardening, the main inter-
est 1s the interaction of radiation induced defects with
dislocations crystals involve. Through the analysis of the
interaction, one can know the mechanism of dislocation
dynamics in the typical ionic crystals, and furthermore,
some properties of the defects responsible for hardening.
The characteristic feature in experimental approach
of this work is the application of method of INTERNAL PER-
TURBATION due to impurities. The main interest here is not
the behaviours of the impurity in crystals itself, but the
intrinsic process of crystals which can be cleared through
the insight of impurity-effects in radiolytic behaviours.
For this purpose, the "ideal' impurity is the one which
does not drastically disturb the intrinsic processes and
reactions, but does give the effective changes in radioly-
tic phenomena which can be observed experimentally. In this
work, thus, the foreign alkali ions are used as such anim-
purity.
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[ 2-1 ] Samples

Alkali halide single crystals used in this work are
the pure crystals of KBr, KCl, NaCl, and KI, and crystals
doped with alkali impurity ions and/or electron-trapping
impurities such as NOZ—’ Ag", and T1".

Pure specimens were obtained from crystal blocks
purchased from Harshaw Chemical Co. Doped ones were all
grown by the Kyropoulos method in dry nitrogen atmosphere,
using powders purchased from Nakarai Chemical Co, or
Merch Co. Assays of used KBr and KC1l powders are shown in
Table 2.1.1. The NaCl powder is one with a purity of
99.99%.

Lithium halide powders, which usually involve crystal
water, were doped to the melt, after desiccation of powders
in vacuum.

Li* impurity ions tend to aggregate. In order to
disperse them again, Li+-doped crystals were heated to 500 C
and rapidly cooled to room temperature, before irradiation.

Concentration of impurities were determined by the
semiquantitative spectrographic analysis with t 10 % error,
which was performed by Matsushita Electric Co.



Table 2.1.1.

Solubility in water

Free alkali
Sulfate
Phosphate
Iodide

Heavy metals
Iron

Barium
Magnesium
Sodium
Calcium
Arsenic
Total Nitrogen

Maximum

KC1

To pass test

To pass test
0.002%
0.001%

0.0005%
0.0003%
0.001%
0.0005%

To pass test
0.001%

0.001%

99.5%

Assays of KBr and KC1l powders used in
this work.

KBr

To pass test
0.007%
0.005%
0.002%

To pass test

0.0004%
0.0005%
0.002%
0.001%
0.0012%
0.001%
0.0005%
0.001%

99.8%



[ 2-2 ] Cryostat

Two different types of cryostats were used for the op-
tical absorption and emission measurements at low temperature
near liquid-helium temperature. These stainless steel
cryostats were made in Torisha Lab. under the idea of the
author. .

One cryostat ( Cryo.I ) has the sub-tank with a needle
valve for liquid-helium supply from the main-tank and with
a heater. This structure makes it possible to keep a given
temperature of the sample holder constant in the range
from 6 K to 80 K.

The Cryo.I has also three pairs of light paths, which
gives fairly an advantage for luminescence measurements
described later.

The other cryostat ( Cryo.II ) is one for the optical
absorption and emission measurements below 4.2 K. Samples
can be cooled down to 1.7 K through thermal conduction,
when the liquid-helium tank is evacuated with a rotary pump.

For the effective radiation shielding, infrared ab-
sorbing visible transmitting filters ( CS1-75 ) and quartz
plates are placed on the light paths of the radiation shield.

Temperature was measured by Allen-Bradley carbon resis-
tor and/or Au:Fe - Chromel thermocouple.

Another cryostat ( Cryo.III ), whose optical-arrangement
is similar to that of Cryo.I, was also used for the optical
absorption and emission measurements above 80 K.

[ 2-3 ] Measurement and Control of Temperature

Temperature, except below 4.2 K, was mainly measured by
Au:Fe - Chromel thermocouple, thermoelectromotive force of
which shows anexcellent linearity as a function of tempera-
ture between 4 K and 70 K, and between 90 K and 300 K. The
linearity involves the advantage in the isochronal annealing
experiments.

Two different patterns of temperature control were



carried out; one is the isochronal pulse annealing where

a fixed temperature remains unchanged for a given interval,
and the other isochronal annealing where the heating rate
is kept constant.

In the former, difference between the out put of a
thermocouple and the voltage of a fixed value generated by
a proper circuit was d.c. amplified, and the difference
which was less than 1/100 of a fixed value of voltage was
kept unchanged by proper dropping of liquid nitrogen or
liquid helium to the sample holder. This treatment gave
the heat pulse to the sample with a sharp initial rise
and final drop and with a constant value between them.

In the case of isochronal annealing, the heating rate
was kept constant within * 0.05 deg/min, using a programable
temperature controller ( Shinku Riko HPC-5000VL ) with a
Au:Fe - Chromel thermocouple as the sensor.

[ 2.4 ] Stationary Measurements of Optical Absorption
and Emission

Figure 2.4.1 shows the schematic diagram of the
apparatus for the luminescence measurements. Luminescence
resulted by x-ray excitation and by the excitation of a
given color centers due to optical illumination were
measured.

Samples were excited by x ray, generated by Toshiba
x-ray tube ( AFX-61A-W ), through a KBr filter with a thick-
ness of 0.2 mm, in order to prevent soft component of the
x ray from the prominent coloration.

Monochromatic light was obtained from the white light
of a Xe lamp ( Ushio UXL-500D in UL-501C ) and of D2 lamp
( Shimazu 33-86-35 ) through a Shimazu-Baush and Lomb
grating monochromator or appropriate optical filters

Luminescence from a sample was detected by a HTV R-292
photomultiplier which was placed behind the exit slit of
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Fig.2.4.1. Schematic diagram of the apparatus for stationary
luminescence measurements. Diagram for a
continuous recording of the optical density is also shown.



the grating monochromator. Photomultiplier out put vs.
wavelength was recorded by anX-Y recorder ( Yokogawa
Type 3077 ).

The spectral sensitivity of the detector system includ-
ing the collective lens, the grating monochromator and the
photomultiplier was calibrated, using a rhodamine B quantum
counter. ‘

Optical absorption spectra of irradiated crystals were
measured by a Shimazu SV-50A spectrophotometer.

For a continuous recording of the optical density at a
fixed wavelength in the isochronal annealing experiments,

a Shimazu-Bausch and Lomb grating monochromator with a
tungsten filament lamp was used as a light source and the
transmitted intensity was measured with a HTV R-207 photo-
multiplier tube. The photomultiplier out put was recorded
together with the thermoelectromotive force of a thermo-
couple by a multi-pen recorder ( Rika Denki B-361 ).

[ 2.5 ] EPR Measurement

EPR measurements of irradiated alkali halides were also
employed toobtain annealing behaviours of the paramagnetic
color centers. Samples with dimensions of 2 X 2 X 15 mm3
in a evacuated quartz tube were irradiated by Co-60 Y ray
in liquid nitrogen.

EPR was measured by a JEOL-JM-PE-3 from 80 to 250 K,
using a variable-temperature cabity.

[ 26 ] Mechanical Test

A1l the test were done in {100 compression using
Tensilon testing machine with cross head speed of 0.03 cm/min.
Measurements were made at liquid-nitrogen temperature

or at a given temperature from 4.2 K to 250 K.

The measurements at 77 K were performed as follows:
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After irradiation, specimens were transferred to the pre-
cooled jig of the machine which remained immersed in liquid
nitrogen under safety dimlight.

The low-temperature test below 77 K were made using
the special jig shown in Fig.2.6.1, as following proce-
dures:

1) Six specimens irradiated at 77 K were set to the

sample holder of the jig in liquid nitrogen,

2) next the jig was transferred, with a bath filled
with liquid nitrogen, quickly into the inner dewar
which was precooled by the outer dewar filled with
liquid nitrogen,

3) then 1liquid helium was poured into the inner dewar
before the temperature of the specimens rose up
to 100 K.

Temperature of the specimens were measured by a Au:Co-Cu
thermocouple.

[ 2:7 ] Transient Optical Absorption and Emission
Measurements

Figure 2.7.1 shows the experimental arrangements for
measuring the transient optical phenomena.

The electron pulse was generated with a Febetron Model
707, operated at an energy of 2 MeV, at a peak current of
1000 A. The waveform of the electron pulse is shown in
Fig.2.7.2.

In order to obtain electron pulses with various inten-
sities, 3 mm thick copper plates with different numbers and
sizes ofholes were placed between the electron tube of the
Febetron 707 and the specimen. The specimen was separated
from the copper plates by 10 cm, in order to make the
electron intensity uniform at the position of the specimen.

Typical examples of the osciloscope traces for
absorption and emission meaéurements are shown in Fig.2.7.3.

In the case of luminescence measurement, emitted light
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wdas guided into the shielding room by the reflecting mirrors
( M5 - M10 ). The guided light was passed through a mono-
chromator ( Shimazu GE-100 ) and detected with two photo-
multipliers ( EMI 6256 B ) placed at two exit slits adjusted
at two wavelengths. The out put signals of the two photo-
multipliers were recorded with two oscilloscopes ( Iwatsu
SS-112 ).

In the case of transient absorption measurement, the
light from a Xenon Arc Lamp ( Ushio UXL-150D ) was incident
on a specimen through the reflecting mirrors ( M1 - M4 ).

The emergent light was transmitted into the shielding room
similarly as the emitted light. The changes in intensity
caused by the electron pulse weredetected with photomultipli-
ers and recorded with oscilloscopes.

By employing the two-channel detector system, the absor-
ption or emission changes at two wavelengths induced by a
single pulse were compared. This procedure eliminates the
possible error caused by the fluctuation of the intensity
of the electron pulses produced by the Febetron.
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[ 3-1]

INTRODUCTION

Current knowledge on the relaxation and dissociation of
an exciton in alkali halides is briefly reviewed in
order to make the present problems in this field clear.
In the first place, the electronic structure of the
self-trapped exciton is summarized. Then, the precur-
sor of the Frenkel pair, the exciton state responsible
for the color center formation is discussed, based on
the ekperimental results of recent works. Finally, we
briefly sketch anoverall plan of the contents of

this chapter.

§1 Electronic Excitation ( The Self-Trapped Exciton )

When alkali halide crystals are subjected to ionizing
radiation, they luminesce if the temperature is low enough.
The luminescence which is apparent to have no correlation
with any impurity in a crystal, intrinsic luminescence,
was first observed by Van Sciver and Hofstadter(lQSS),l)
and by Teegarden(1957).2)

The clear assignment of the origin of intrinsic lumi-
nescence, however, has been first made by Kablers) and by

4)

the intrinsic luminescence is due to the electron-hole

Murray and Keller. These workers have established that
recombination in which the hole is in the form of the self-
trapped hole, the VK center.

The lowest energy-absorption peaks in the absorption
with considerable structure in the ultraviolet absorption
region ( a typical example is shown in Fig.3.1.1 ) has been
shown to result in the creation of excitons on halogen

ions.> /)

The emission spectra due to uv light excitation
in the exciton-absorption band are closely related to the

spectra resulting from x-ray irradiation, or the recombina-
tion of an electron with a Vi center. An example of emis-

sion spectra due to uv-light excitation is shown in
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Fig.3.1.2.%)

This result indicates that an exciton on a halogen ion
forms the state of an electron trapped by a VK center through
lattice relaxation. .Thus the term " self-trapped exciton "

( STE ) is appropriate to describe the initial state of
intrinsic luminescence.g) The STE is hereafter abbreviated
as ( VKe ).10)

‘The electronic structure of ( VKe ) has been extensive-
ly studied mainly by Kabler and his cowarkers, through

. . 3,7,9
experiments of luminescence,™’ " ? )

chroism ( MCD ),11)
( EPR ),12)

Figure 3.1.3(a) shows schematical energy diagram for

magnetic circular di-
electron paramagnetic resonance

and optical absorption.13’14)

( VKe Y. The notation of the levels has been designated in
terms of the irreducible representation for Deoh and Djy.
The x,y,z axes for Dy stands for the set shown in '
Fig.3.1.3(b). Arrows indicate the transitions within the

( VKe ), which have been observed so far.

In most alkali halides, two emission bands are observ-
ed; one is o-polarized ( o emission ), and the other =-
polarized ( m emission ) with the lower transition energy
than the former. It has been shown that the radiative

lifetime of o emission is the order ot 10_9 sec, whereas

6 .9)

that of 7 emission varies from 10 ° sec to 10 ° sec The

relatively longer lifetime of m emission have suggested that
the initial state of the emission is a triplet state.

This has been confirmed by the works on EPR and

11,12) 13)

MCD

the 7 emission in KBr thus arise from the electronic tran-
3

According to the notation of Fuller et al.

sition of Alsog;
most electronic configuration of the bromine molecular ion,

BrZ_, of (og4p)z(ﬂu4p)4(ﬂg4p)4(ou4p). The multiplicity
forbiddenness in this transition is broken by mixing due to
halogen spin-orbit ( s-o ) coupling of Clso 1H into Also_;

3 _+ ) g’ ‘u g
Zu’ where C stands for the configuration of

(0449) % (m49) > (n 4p) * (o, 4p) 2.
Song et al. have shown from their theoretical work that

Z; > Aou4p;lzg, where A represents the out



[ (2sqy)er a,;
(3pohh — — % (b, B
(Zpﬂu)'ﬁ ' : [} ; - (b2u' blu) B
electron < (2pey)-B : : —(bs,)B
o %
(150"g)'0 ; : ( Cl‘g
1 1
1 {5 — —%—_" D
L ( SO@) ( ibzg
ng
-~ emis. w o
--> absorp.
(oynp ilr ) b3y
|
b
I bZQ
hole( Vg center) ¢ : b
™y Np — (= 2u
b
i u
| g np L Qig
(a)
Y t ?
X
Mo /X
X2,
MQ
(b)

Fig.3.1.3. (a): Single electron state description of STE in alkali
halides. o and B indicate singlet and triplet states

of levels. Arrows show the optical transitions which have been observed.

(b) : The coordinate set of the exciton for D2h symmetry.

_29-



WAVELENGTH (nm)

1000 500 3?0 3Cr)0
T T
03} RbCl N
oceer=9XI0 2 sec
02} ~-~=~ STABLE -
oIt . |

. 0D>»05 t.l KCl

oo 35X (0 sec

OPTICAL DENSITY

I A N I S I TN BN ON B!
| 2 3 4 5
PHOTON ENERGY (eV)

Fig.3.1.4. Time resolved absorption spectra for chlo-

rides at 9 * 3 K. The solid curves and data
points indicate that part of the initial absorption which
decays with the lifetime of the lowest triplet state of
STE. Dashed curves indicate that part of the initial
absorption which is due to F and hole centers ( from
ref.14 ).



the initial state of ¢ emission is AZsc ;122. Correspond-

ing transition is dipole-allowed. ¢

The luminescence corresponding to the transition from
Alscg;lzz to Aou4p;12; has not been observed. The mechanism
of absence of such an emission band has not been known yet.

In this thesis, the initial states of o and w emissions
are written as ( VKe )0 and ( VKe )ﬂ, respectively, and the
notation in terms of the irreducible representation shown
in Fig.3.1.3(a) 1is used when nescessary.

Transient optical absorption due to ( VKé )Tr has been
studied by Kabler et al.13’14)

resuls, for clolides, is shown in Fig.3.1.4.

A typical example of their

They have assigned the absorption in the 3 - 4 eV range
to hole transition within the STE and that in the 1 - 3 eV
range to excitations involving the electron trapped by XZ-
of STE, where X stands for halogens. Based on the features
of the absorption due to electronic excitations that sharp
edge in the near infrared, and a gradual decline toward
higher energy, Kabler et al. have interpreted the absorption
in terms of Rydberg sequence converging to the conduction
band edge.

The doublet structures are evident in salts except
NaCl. In their earlier works,13’14) the doublet has been
attributed to the transitions to AZpou and Aanu from Alscg,
respectively. More recently, Williams has <hown that the
doublet bands are more favored to correspond to the transi-

. L3+ .3 L3+ L3t
tions, Alsog, L. > AZpﬂu, Hg‘and Alsog, Zu - ASpou, Eg,

respectively.1651
It is also shown that three sub-levels of the lowest
triplet state of STE, which can be ignored in usual cases,
plays the important role in luminescence below 4.2 K.17’18)
Thus the electronic structure of relaxed exciton,
especially of the lowest triplet state, has been under-
stood very well. The present questions of the exciton
physics in alkali halides concerns the mechanism of relaxa-
tion of the unrelaxed exciton, hot exciton, and mechanism of

the non-radiative decay involving defect formation process.



§2 Dissociation of an Exciton ( Excitonic Mechanism of
Color Center Formation in Alkali Halides )

- Other important .and interesting -phenomenon which is ..
resulted by ionizing radiation is the color-center formation
due to radiolysis. The mechanism has been studied for a

long time, and various models has been proposed so far.19'27)

Experimental results that uv irradiationzg’zg) to

alkali halides, involving two-photon absorption of laser
1ight,30»31)
that the energy required to form a pair of F and H centers
is 20 - 100 ev,32%:33)

or the formation of an exciton is responsible for the

creates lattice defects, together with results
indicate that the single ionization

radiolysis.

The first model of excitonic mechanism of defect forma-
tion has been proposed by Pooley,zz) by Hersh 23) and by
Lushchik,24) independently. The fundamental experimental
results on which the model is based is the complementary
behaviour between the color-center formation rate and the
luminescence efficiency of v emission of exciton. Fig.3.1.5
is such a result obtained by Konitzer and Hersh for KI

crystal.zg)

The formation rate of F and V2 center increases
above 90 K where the luminescence intensity decreases

owing to the competitive process of radiative decay and non-
radiative transition via thermal activation. The configu-
ration coordinate diagram of the lowest triplet state of

an exciton in KI is shown in Fig.3.1.6.22)

It has also been known that the formation yield of
charged Frenkel pair is larger than that of neutral Frenkel
pair in the case of conventional x-raying to KBr and others
at low temeprature.

Pooley,zz) based on these experimental results, have
proposed the following model: Energy,( Efg +A1 ) in
Fig.3.1.6, which is given to two halogen ions of ( Ve )
through non-radiative decay makes an ion start a replace-
ment collision sequence along a <110> line, when the energy

is unequally shared by two ions. Pooley mechanism thus
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involves the consequence that time constant of color-center
formation, growth time, is the same as the lifetime of
( VKe )w'

A direct method to check the reliability of Pooley
mechanism of defect formation is to observe the growth time of
color center formation. This has been done using pulsed-
beam of high energy electron?z) or pulsed laser 1ight.31)

Figure 3.1.7 shows the transient absorption of KBr
induced by a single pulse, which was measured at 50 n sec
after the end of pulse at 8 K.Sz) It is evident that F and
H centers are dominant as the product of radiolysis. This
result tends to indicate that the primary defects due to
dissociation of an exciton is the neutral Frenkel pair
consisting F and H centers, which is consistent with the
theoretical conclusion obtained by Smoluchowski et a1.34)

The growth time of the F center ( as well as F* center
in KBr ) is less than 3 n sec in KBr,Sz)
in kc1,3V)

lifetimes of lowest triplet states in these salts, 1.0 X

and is 11 p sec
respectively. These are very shorter than the

10"% sec in KBr and 5.0 X 10°° sec in KC1, respectively.

These experimental results are the direct evidences
that Pooley’s model of excitonic mechanism is not adequate
at least in KBr and KC1l crystals.

Recent works have presented another experimental evi-
dences that the exciton state responsible feci the F-center
formation, ( VKe )F’ is different from ( VKe ), as well as
( VKe )0. 35

Karasawa and Hirai have studied the F center forma-
tion and intrinsic luminescence below 4.2 K, and have found
that these behaves independently in KBr and in KC1l: The
formation yield of the radiative STE is almost constant,
whereas the yield of the F center decreases with an acti-
vation energy of a few meV with decreasing temperature.

Another one is given in this chapter, ( Chap.[3-4] ) from
the study of impurity effects on behaviours of the exciton
in KBr. It will be shown that the formation yield of
( VKe,)F is suppressed by an alkali impurity ion, whereas
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those of radiative STE’s are not affected.36)

These results indicates that ( VKe )F is the different
from the states responsible for intrinsic luminescence.

Thus experimental works after the first excitonic
mechanism model was proposed have revealed that such a
model are not adequate in alkali halides except KI and other
crystals which color poorly at low temperature. Now the
main problem in defect formation mechanism concerns the ex-
citon state responsible for the formation of F - H pairs,
or the dissociation process of an exciton in KBr, KC1 and
others.

Several important results on the properties of ( VKe )F
has been obtained.

First, it has been demonstrated that the ( VKe )F is
at a higher energy than ( VKe )1T by the author and co-

37) 38)

workers, and by Purdy and Murray, independently.

They observed that the thermal annihilation of a pair of

38)

F and H centers produces m-emissions for both KC1 and

KBr.37)
and H centers has an energy higher than ( VKe )ﬂ. The
details will be shown later ( Chap.[5-3] ).

Second, there are some pieces of experimental evidence

These results indicate that a stable pair of F

which indicates that ( VKe )F has close correlation with a
triplet state of STE. Karasawa and Hirails) have shown the
competitive process of ( VKe )F and the lowest triplet
state in KBr, which is thermally controlled by an activa-
tion energy of 13.7 meV. Williamsl6) have recently shown
that the ( VKe )F is closely related to an excited state of
Alsog;sza in KC1 by the cascade excitation. The authorsg)
has pointed out that the luminescence yield of the w emis-
sion for several alkali halides is anti-correlated with the
formation yield of the F center, based on the Rabin-Click

plot40)

of these quantities.

Recently, three new excitonic mechanism models have
been proposed by Kabler,zs) by Itoh and Saidoh,26) and by
Toyozawa. 7 These models involve a higher excited state

of STE as the precursor of a Frenkel pair.
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Kabler’s model is based on the current knowledge of
the STE as described in the previous section. His model
is essentially the X, translation model of STE at point U
which 1s considered to occur just below the absolute mini-
mum in the configuration space of the highest excited state
of SET.2%)

on which his model is based, and the potential curves

The configuration coordinate diagrams for STE,

describing possible defect production are shown in
Figs.3.1.8 and 3.1.9, respectively. The initial state of
color-center formation in Kabler’s model has not been con-
clusively indicated.

1,3+

L _is the

Toyozawa has assumed that the AZpou; g

precursor of the F center.

On the other hand, Itoh and Saidoh have assumed that
the state having an excited XZ", ﬂg or T, is responsible
for the F - H production, based on their recent works on
replacement collision sequence of created interstitial
halogen.

In spite of these medels, the structure of ( VKe )F
is not established exactly at present. The process of the
formation of Frenkel pairs is of great interest, since
the electron-hole recombination takes place by a non-radia-
tive process where the electronic-excitation energy is
converted to kinetic energy with a momentum of halogen in-
terstitials. The problem is the typical model of radiolysis

in radiation damages.

§3 Outline of The Work in This Chapter

The aim of the work reported in this chapter is to
obtain further knowledge of the properties and behaviour of
an exciton from the experimental study by means of internal
perturbation method.

We begin with the study of luminescence in KBr crystals
containing Na* impurity 1ons. The origin of the supplemen-
tary emission band situated at 2.9 eV in the crystal



is assigned to be radiative decay of the relaxed exciton
trapped by a Na* ion, ( VKe )Na’ after identification of
the VKA(Na+) band in KBr. The effects of the impurity ion
on some properties of the VK center is discussed. Quantum
efficiency of the luminescence from ( VKe )Na and its forma-
tion yield are also discussed.

Next the properties and electronic structure of the
self-trapped exciton associated with an alkali impurity ion,
( VKe )A’ are extensively studied by means of pulse electron
irradiation as well as conventional x-raying.

It is clearly shown that luminescence due to ( VKe )A’
the'nA emission, originates from the lowest triplet state
similar to ( VKe )ﬂ. The changes in properties of ( VKe )
when it is trapped by an alkali impurity ion are discussed
in terms of perturbation due to the ion.

After having cleared the structure of ( VKe )A’ the
effects of formation of such a perturbed exciton on other
excitonic products, color-center formation and intrinsic
luminescence are studied. It is shown that ( VKe )A is
formed through the selective interaction between ( VKe )F
and alkali impurity ions in KC1 and KBr. Thus formation
of ( VKe )A results in the suppression of the F-center
formation yield, and gives no effect on formation yields
of radiative STE’s, ( VKe )0 and ( VKe )W. Relaxation pro-
cess of an hot exciton and the formation mechanism of
( VKe )A are discussed.

After having established close correlation between
( VKe )F and ( VKe )A’ temperature dependence of relaxation
rate of ( VKe )F from the hot exciton and of dissociation
probability of ( VKe )F into F - H pair are investigated
from the measurement of formation yield of ( VKe )A between
1.7 and 80 K in KBr and KC1l. The dependence of these
quantities is discussed bdsed on the experimental results,
together with results of formation yield of the F center
obtained by Karasawa and Hirai.ss)

Then the interaction between an exciton and a Li® ion
in NaCl is studied. The different mechansim of the inter-



action from that in KBr and KC1 is established in this salt.

The mechanism of the interaction, which forms ( V in

e )y
NaCl, is well interpreted in terms of hopping mot?on g% the
lowest triplet state of STE, ( VKe )ﬂ.40) The difference
in excitonic behaviour between NaCl and KBr is discussed in
connection with defect formation mechanism in these salts.

Finally, based on the establishment in the preceding
chapters, relaxation of the hot exciton is discussed, and
it is shown that the ( VKe )F is the higher excited triplet

state of an exciton.
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[ 3-2 ]

LUMINESCENCE FROM ( VKe )A IN KBr CRYSTALS

Luminescence of KBr containing foreign alkali ions has
been studied. First the interaction between self-trapped
hole and a Na' ion is studied to make the properties of
the VKA(Na+) center clear. The Via center has a o-polarized
absorption band at 3.35 eV, and decays thermally at 200 K
with an activation energy of 0.63 eV. Then identifica-
tion of the origin of the 2.9-eV emission band in KBr:Na
is made, based on the measurement of luminescence due to
the recombination between an electron and the VKA center.
The 2.9 eV emission arises from the radiative decay of

( Ve )A in KBr. Discussions are made on some properties

of VK

A center and of ( VKe )A'

§1 Introductory Remarks

The role of monovalent cation impurity such as Na' or
Li* for defect formation in alkali halides has been mainly
investigated in terms of the secondary reactions of halogen
interstitials or their interaction with the impurity.

Little attention has been payed on the effects of
such types of impurity on the exciton behaviour so far.
As discussed in Chap.[3:1], exciton plays the essential role
in the low-temperature luminescence in alkali halides. There-
fore, it is effective to see the change in luminescent
phenomena due to impurities, in order to know whether alkali
impurity affects the excitonic behaviour or not. Thus the
first work in this chapter concerns the luminescence in
alkali halides containing alkali-impurity ion.

Valbis has first observed that the alkali impurity
causes characteristic emission bands under x-ray or uv light

1

excitation at low temperatures. For example, KBr contain-

ing Na® jons shows the 2.9 eV-emission band together with



singlet ( 4.42 eV ) and triplet ( 2.27 eV ) emissions.
Nakail et al.z) have proposed that the emission should have
the origin in the ( VKA+ e ) system, but the clear identi-
fication has not been done yet.

As the first attempt of the study on the relaxation
and dissociation of an exciton by means of the internal
perturbation due to impurity, the origin of the supplementary

emission band is investigated.

§2 Results and Discussions

In order to check the Nakai’s model, it may be decisive
to measure directly the emission spectrum caused by the
recombination of a VKA center withan electron. The V

KA
center has been studied by EPR by Schoemaker in alkali

3)

tals, however, have not been known yet. Then the properties

chlorides. The optical property and others in XKBr crys-

of the VKA(Na+) center in KBr are first studied.

( 21 ) The VKA(Na+) center in KBr

Though it is a dominant EPR center at 80 K, the VK and/or
VKA center hardly formed by ionizing radiation. This is
because the charge neutrality in a crystal; the formation
of self-trapped holes needs electron-trapping centers.
’ For the enhancement of the formation of VKA centers,
NO2 ions were doped in the present study,4¥hich are known to
be an effective electron-trapping center. 7

Figure 3.2.1 shows the optical absorption spectra of a
KBr:NOZ— before and after x-ray irradiation. One can see in
the spectrum of un-irradiated crystal a group of absorption
bands which arranges with almost the same energy separation
( 0.07 eV ) and with small absorption coefficients. The
bands with fine-structure are clearly due to the NO

2
added in the crystal. Details of these bands are not discuss-

ed here.

ion
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Fig.3.2.1. Optical absorption spectra of KBr:NO,. Curves
(a) and (c¢) are the spectra of after x-rayed

and of before irradiation, respectively. Curve (b) is the

spectrum of the sample which was warmed up to 170 K after

irradiation. Arrows show peak positions of weak-absorption

bands associated with N02' ion. All measurements were

made at 80 K.
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Fig.3.2.2. Optical absorption band of the Vg center, curve(a),

and of the Vga center, curve(b), respectively.

Open circle of curve(a) is the anisotropic absorption, and cross
is the difference between curves(a) and (b) in Fig.3.2.1. The

triangle of curve(b) represent the band which decayed above
170 K in KBr:NOj:Na



The main change in the spectrum due to irradiation is
the induction of the broad band situated at 385 nm. The fine-
structures of the broad band may be due to simple super-
position of bands closely connected with NOZ-, since the
peak position and optical densities of the bands due to
NOz'hardly change by the irradiation or by thermal treat-
ments. The group of small absorption bands is neglected
hereafter.

The principal defect formation process with ionizing

radiation in this sample proceeds as follows:

Br~ ——> Br°® + e
NO,"+ & —> No72~
Br°® + Br —> Brz“( '

K )
The band at 385 nm may, therefore, mainly due to these radi-
ation products.

Delbecq et al. have shown that the BTZ” center has an
anisotropic absorption band at 3.22 eV with a halfwidth of
0.73 eV, which has been assigned to the transition from
22; to 22+.4)

In fig.3.2.2 is shown an anisotropic absorption band
which was introduced by <110>-polarized 400 nm light. The
band is the same as that obtained by Delbecq et al. In the
figure, the difference in spectra between before and after
warming as irradiated sample up to 170 XK is also shown. It
is evident that the spectrum is essentially the same as the
anisotropic one. The result indicates that the NOZZ—
contribute little to this absorption band region. Thus
the 385-nm band can be treated as a pure VK band below.

Figure 3.2.3 shows the absorption spectra of KBr:NO

The peak position of the broad band at around 3 eV in as

Z:Na.‘
irradiated crystal is 392 nm, and band shape is not identical
with that in KBr:NO, .

When as-irradiated sample is warmed up to 130 K, the
peak position and the band-shape changes to be the same as
those in KBr:NOZ. The thermal treatment involves the decay

of one component of the broad band, which accompanies
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Fig.3.2.3. Optical absorption spectra of an as-irradiated

KBr:NO,:Na crystal ( broken line ), of after
warming the irradiated sample up to 130 K ( dotted line ),
and to 170 K ( solid line ), respectively. These spectra
were obtained by subtracting from the measured absorption
curves the one measured prior to the x irradiation.



simultaneously the decrease in the optical density of the
F band and the increase in that of V4“envelope. Therefore,
the component is supposed to be due to one of interstitial

6)
Al ,
The 385-nm band in a sample warmed up to 130 K after

centers, such as the H center.
irradiation also showed the <110>-type dichroism, and the

anisotropic absorption spectrum is essentially the same as
that in KBr:NO,. This result may indicate that the 385 nm
band in a KBr:NOZ:Na is also the VK band.

The solid line in Fig.3.2.3 indicates the absorption
spectrum measured at 80 K, after warming an irradiated sample
up to 170 K. The absorption band, peaking at 370 nm,
appears. Such a band is not observed in Na' -free crystals
in which the VK band disappears almost completely when
sample was warmed up to 170 K, as shown in Fig.3.2.1.

For the analysis of these annealing behaviours of the
band, isochronal pulse annealing experiments were carried
out, and results are shown in Fig. 3.2.4, The glow curves
of these crystals are also shown in the figure.

In KBr:NOZ, the VK band decays thermally around 160 K,
which is accompanied by a strong glow peak. This glow peak
may b$ due to the recombination of holes with NO2 cen-
ters. ) On the other hand, the 385-nm band in KBr:NOZ:Na
decreases with distinct two stages; one around 160 K and
the other at 200 K. The first stage involves the peak shift
of the absorption band from 385 nm to 370 nm, and the second
annealing stage corresponds to the thermal decay of the
370-nm band. The glow curve of the sample with Na* impurity
ions has two peaks, as shown in Fig.3.2.4.

In Fig.3.2.5, the result of annealing experiments on
the EPR signal for VK and VKA(Na+) centers in KBr:NO,:Na

2
is involved. The Viga center is enhanced when the V, center

K
decays thermally, and it decays at about 200 K, probably

due to the thermally induced separation of BrZ-

site. The decay temperature of the VKA center is the same

+
from a Na

as that of 370 nm absorption band.

One can conclude, from these experimental results, that
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Fig.3.2.5. Annealing curves of Vg and Vga(Na*) centers in
KBr:NO,:Na measured by EPR. Samples were ir-
radiated at 77 K with Co-60 vy ray. The relative intensities
of the centers are given in arbitrary units. The figure also
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and 2.9-eV emission intensities in an irradiated KBr:NO,:Na
crystal, induced by the release of F-electron at 80 K.



the 370-nm band in KBr:NO,:Na is due to the VKA(Na+) center.

The glow curve around 160 K has been attributed to
thermal migration and subsequent recombination of the VK
center, as mentioned above. Optical illumination at 80 K
with 400-nm light to a KBr:NOZ:Na irradiated at 80 X and
subsequently warmed up to 180 K resulted in the re-genera-
tion of the glow peak at 160 X, when the sample warmed
agéin. Corresponding changes in optical absorption spectrum
are that the peak position initially situated at 370 nm,
shifted to longer-wavelength side after optical illumination
at 80 K. The peak position again recovered after the re-
generated glow peak.

These behaviours may be due to following reactions:

The absorption of photons brings the VKA center into an
excited state, a fraction of which results in the separa-
tion of BrZ' from a Na®© ion ( VK center re-generation ),
and re-appearance of the 160-K glow peak is originated from
the thermal decay of such optically created VK centers.

The 370-nm band due to Vg centers shows <110>-type
dichroism at 80 K, though the optical conversion from VKA
to VK centers makes it difficult to obtain the accurate
anisotropic absorption spectrum of the VKA center.

Since NOZZ' centers is considered to have no absorption
bands in the VK-band region as discussed before, the spec-
trum of thermally decayed 370-nm band may represent the
absorption spectrum of the VKA center. In Fig.3.2.2, the
spectrum is also shown, which may correspond to the transi-
tion from 22: to 22; in the Vg center.

The shift of the peak energy to higher-energy side and
the broadening of the halfwidth of the Vi, band in KBr are
similar to those in KC1l crystals obtained by Schoemaker.s)

( 2-2 ) Assignment of the origin of 2.9-eV emission
band in KBr:Na crystals

Figure 3.2.6 shows the emission spectra of a KBr:Na
crystal excited by x ray at 6 K and at 80 K. The presence

+ . .. .
of Na ions causes a supplementary emission band situated
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at 2.9 eV besides intrinsic emission bands at 4.42 and

2.3 eV. The luminescence yield of the new band is compara-
tive to those of intrinsic ones at 6 K, and it is dominant
at 80 K where intrinsic luminescence is almost quenched
thermally '

It is clear that this new emission band is closely
related to a Na' ion from the result shown in Fig.3.2.7,
where the ratio of the intensity to that of intrinsic o-
emission band is plotted against Na' concnetration ( CNa)'
The ratio increases linearly with increasing CNa'

Since the intensity of o-emission band hardly changes
irrespective of CNa’ the result shown in Fig.3.2.7 indicates
that the intensity of the 2.9-eV emission band is in propor-
tion to CNa‘

Then we identify the origin of the 2.9-eV emission.

By conducting a proper treatment based on the results
obtained in preceding paragraph, we can obtain a sample
which contains VKA centers and F centers, but no VK centers.

The broken line in Fig.3.2.8 is the emission spectrum

introduced by F-1light illumination at 6 K of KBr:NO,:Na,

which was previously annealed at 170 K after x-ray grradia—
tion at 80 K. It is clear, from Fig.3.2.4, that such a
sample does not contain VK centers.

The emission spectrum consists of the main peak situated
at 2.9 eV, accompanied by a very weak band at 4.25 eV. In
the figure, the spectrum by the x-ray excitation of KBr:Na
at the same temperature is also shown for comparison. One
can see that the2.9-eV bands are essentially the same for both.

Thus it can be concluded that the 2.9-eV emission
originates from the ( VKA + e ), or+the relaxed exciton
trapped by a nearest neighboring Na ion. Hereafter, we abb-
reviate such anexciton as ( VKe )A'

Further support for the assignment that the 2.9-eV
emission is caused by ( VKe )A is obtained from the following
experimental results.

In Fig.3.2.5 is shown the change of the intensity of
2.9-eV emission band which was introduced by the F-1light il-
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Fig.3.2.8. Emission spectra of recombination luminescence in KBr
crystals at 6K. Broken and solid curves are respective-

ly the spectra due to recombination of the Vga(Na*) center

in KBr:NOj:Na, and of the Vg center in KBr:NO, with electrons

released by the F-light illumination. These samples were

prepared to involve about the same F-center concentration,

and to have only one type of hole centers. The chain line

is the spectrum of KBr:Na(0.61 mol%) excited by x ray.



lumination at 80 K, In this experiment, the sample
was first irradiated with x ray at 80 K, then it was anneal-
ed at a given temperature for 5.0 min and cooled down to

80 K, and immediately the luminescence under the F-light il-
lumination was measured.

The intensity increases between 150 and 165 K where the
VK center ( and the ¢ emission ) diminishes, and decreases
between 190 and 220 K with thermal decay of the VKA center.

Since the luminescence is measured at the same tempera-
ture, the intensity of the emission is proportional to the
number of luminescence centers. The number of released ele-
ctrons may be substantially identical in each measurement,
since the F center is hardly bleached by F-light illumination
after thermal treatment. Thus the main cause of the change
in the number of luminescence center is due to the change in
the number of hole centers, the VK or VKA(Na+) center.

The results above described lead us to the conclusion
that the 2.9-eV emission has the origin in the radiative
decay of the ( VKe )A systeT, or the relaxed exciton trapped
by a nearest neighboring Na ion in KBr, as proposed by
Nakai et al‘z)

It is interesting to note that the emission spectrum
of the ( VKe )A consists of only one dominant band, whereas
that due to ( VKe ) involves two bands.

Polarisation experiments, which were carried out using
a KBr:NOZ:Na containing arranged VKA centers, have revealed
that the 2.9-eV emission is m-polarized. ( Details of the
experiment will be described in Chap.[3:3]. )} We will here-
after call, therefore, the 2.9-eV emission " Ta emission ".
Detailed study on the electronic structure of ( VKe )A will
be done 1later.

( 2-3 ) Discussions

2

As shown in previous section, the VKA(Na+) center has a

( a ) Effect of the Na® ion on optical property of Br
P y

o-polarized absorption band at 3.35 eV. The peak energy is



higher than that of the V
shift is discussed.

gk center by 0.13 eV. First the

.. + . . .
The association of a Na ion with a VK center may give

two types of main changes to Br2 ; one is the change in
symmetry surrounding the center, and the other is that on
internuclear distance, R, of Brz_ molecular ion.

As suggested by Schoemaker,S)

a smaller R than that of the VK center. Shift of the

the VKA center may have

energy levels of a XZ with changing R, though schematic,
has been considered by Kdnzig and Woodruff‘s) Their result
is shown in Fig.3.2.9(a). In the figure, EV indicates the
energy of o-polarized absorption at uv region. Ev increases
slightly with decreasing R. The H center is an essentially
the Xz_ molecule ion which is situated at one anion lattice
site. 8)
It is reasonable to conclude that the internuclear dis-
tance of XZ_ in the VKA center is shorter than that in the
VK center but is longer than that in the H center.

EV of the H center in KBr is 3.26 eV at about 4 K and
it hardly depends on temperature. The VKA center, however,
has EV of 3.35 eV, which is fairly higher than that of the
H center. Therefore, it may not be possible to explain the
shift of the peak position in terms of change in inter-
nuclear distance only.

One can explain the larger blue shift of the 0-polarized
absorption energy in VKA center in terms of mixing between
cg and U in C2

v of symmetry.

For the VKA(Na+) center, the symmetry of the Br2 and

surroundings becomes CZV’ whereas that of the VK center is
DZh'

In Fig.3.2.9(b), the change is shown of molecular orbitals
of Xz_ with changing symmetry. In C,_, a

2v 1g
in D2h have the same representation of a. Furthermore, as

and blu orbitals

shown in Fig.3.2.9(a), the energy level - of blu( nuin th )
becomes low with decreasing R. Since R of Xz_ in the VKA
center is considered to lie between the distances of VK and

H centers, the levels of b1u and a1g may be close each other



in the VKA center.

In such a case, the orbitals with the same representa-
tion could interact each other. Therefore, two orbitals
with the representation of a, may become linear combinations
between a1g and blu' Such an interaction may affect energy
level of ay in "bonding' state to make it lower. Thus it
can be expected tgat Ev’ which corresponds to the transition
between 2y and b1 in Fig.3.2.9(b), becomes higher than that
of X2 in DZh symmetry.

The ay +blf transition 1is allowed by the optical dipole
moment of bl’ which is parallel to the axis of XZ also
in CZV'

2
In order to analyse the thermal stabilities of VK and

( b ) Effect of the Na® ion on thermal property of Br

VKA centers, it is worth while to evaluate their activation
energies for disappearence, which can be obtained from the
glow peaks.

It is known that the glow peak is represented by the
following simple rate equation;9

I(T) = -(dn/dT) = %nx exp( -E/KT ) (3.2.1)

where I is the TL intensity, B heating rate, n the concentra-
tion of trapped carriers, s the frequency factor, x the order
of kinetics, E the activation energy, respectively.

2 in Fig.3.2.4
was found to be unity, since the TL intensity decreased ex-

The order of kinetics for either P1 or P

ponentially at a given temperature which was kept constant.

The activation energies were calculated using various
area methods developed for mono-moleculer process%o'ls) These
methods are based on the shape of glow peak. Owing to the
different approximations each method involves, the evaluated
values of activation energy by these methods are not always
the same.

In order to eliminate the possible error caused by the
fluctuation of evaluated values, following procedure was
carried out in the determination of activation energy.

1) Glow peaks were measured with several different
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Fig.3.2.9. ( a ): Shift of energy levels of X2~ molecule ion with

increasing internuclear distance. Ey and E, are the
energies of uv and infrared absorption bands, respectively( After
Kinzig and Woodruff, ref.8 ). ( b ): Schematic energy diagram for
molecular orbitals of X5~ in different symmetry. The notation of
levels has been designated in terms of the irreducible representa-
tion for a given symmetry. The coordinate set for Dyp and C,, is
the same as that shown in Fig.3.1.3(b).



heating rates.

2) Evaluation were made for these glow peaks by seven
different formula, and results were plotted against the tem-
peratures which give the peaks of glow curves.

3) Frequency with which evaluated results appear within
the range of * 0.02 eV of a fixed value of energy were
plotted against the fixed value of energy.

4) The energy with largest value of frequency was
determined to be the activation energy of the process.

Fig.3.2.10 shows the plots for the P1 due to thermal
decay of the VK center 1in KBr:NOz.

Thus determined activation energies for disappearance
of VK and VKA centers in KBr arf listed in Table 3.2.1.

It is seen that the VKA(Na ) center is thermally more
stable by about 0.3 eV compared with the Vi center. Thermal
decay of the VKA center may %nvolve fgllowing two processes;
one is the separation of Br2 from Na ion and the other is
the migration of the hole which follows the recombination
2- ). The difference of 0.3 eV in
activation energy may have the origin in the former process,

with impurity ion ( NO2

since the latter of the VKA center may be the same as that
of the VK center.

Higher thermal stability of the VKA center may be per-
tially due to its geometrical structure.

Delbecq et al. have shown that the disorientation tem-
perature of the Clz_ center in various chlorides increases
linearly with increasing Cl1 - Cl distance in the host lattice
in the salt.16) In the plot of the temperature vs. Cl - Cl
distance, the extrapolation of the straight line pertaining
to the plot intersects with the abscissa at 2.4 A which is
very close to the C1 - Cl1 distance in the free Clz_.

These results suggest that a hole jump for the migration
occur when the internuclear distance of the VK center becomes
nearly equal to the distance between X at the next neighbor
in the salt.

R of a VK center is, in general, shorter than the dis-

tance between adjoining anions. The enlargement of the
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Table 3.2.1. Optical and thermal properties of
VK and VKA centers in KBr

% *%
EV halfwidth Td E
( eV ) ( eV ) (K) (ev)

v 3.2228)  0.733) 163 0.34

+
VKA(Na ) 35.35 0.91 202 0.63

*) T, ( decay temperature ) is defined as the
témperature which gives the maximum-decay
rate in the isochronal pulse annealing curves.

**) E ( activation energy for disappearance ) was
obtained from glow peaks.

a) after Delbecq et al ( ref.5 )



internuclear distance for the jump may, therefore, come
from the vibrational motion along the molecular axis, which
may be induced by thermal excitation of the molecular ion.
The higher thermal excitation is considered to be
nescessary for the VKA(Na+) than for the VK center in order
to give rise to the enlargement, since R may be shorter in
in the V., (Na®) cent
in e Via(Na center.

( ¢ ) On luminescence yield of Ta emission

In Fig.3.2.7, one can see that the yield of the Ta
emission is very high in comparison with the Na® content in

a sample, Here the high luminescence yield of the emission
is discussed.

It is believed generally that the self-trapping process
of the hole takes place within a very short time to form the
VK center. Since this self-trapped hole, the VK center, can
migrate only above 150 K in KBr, as shown above, the thermal
migration of the center is not active at low temperature such
as 6 K. Therefore, the probability of forming the VKA(Na+)
center at low temperature may be about the same as that
finding a Na' ion in KBr crystals, i.e. the impurity concent-
ration.

The ( VKe )A state, if this is formed only through the
electron-capture by created VKA centers, may also has the
similar formation probability as that of the VKA center.

Assuming, now, that a ( VKe )Na is formed when one of
the six nearest neighboring Br ions of a Na® ion is excited,

nA—emission intensity, I“A, is expressed by
I1TA = N.a 6NOCNa (3.2.2)

where NeA is the quantum efficiency of the T emission from
the ( VKe )A, and N0 the number of excited Br ions by x ray
per unit time, respectively.

In ordervto estimate the value of No’ we pay our atten-
tion to the ¢ emission of pure ( VKe ). When the relaxation
probability of the hot exciton into the AZsog;lzz is written

by l/Ths, the intensity of the singlet emission, Io’ is re-



presented by

Io = nO(l/Ths)No : (3.2.3)

where n; is a quantum efficiency of the ¢ emission from
( VKe )0. Then following equation is deduced;

IWA/I0 = (”nAThs/”o)GCNa‘ (3.2.4)

If it is further assumed that the hot exciton state is
the same as that of the VK center just after an excited
electron is trapped, one can obtain experimentally the value
of nﬂAThs/nO from following considerations.

Figure 3.2.8 shows the emission spectra of ( VKe ) in.
KBr:NO2 and of ( Ve )A in KBr:NOZ:Na generated by the F-
light illumination at 6 K. In these measurements, two samples
were prepared to have about the same concentration of the
F center, NF’ and to have only one type of trapped hole cen-
ters, VK in KBr:NO2 and VKA in KBr:NOZ:Na, respectively.

It was confirmed that the kinetics of the luminescence
by the F-light illumination is mono-molucular process, at
least for the time region not so long, for both samples.

Therefore, following equation;
-(dNF/dt) = KIFNF = IO/(nO/Ths) (3.2.5)

can be applicable for ¢ emission, where X is a constant and
IF the intensity of the F light in the present experiment,
respectively. The similar equation is also written for the
Ta emission.

We should consider the self-absorption for the emitting
light by the color centers the sample involves, for more
accurate estimation.

In order to treat the effect, it is assumed that the
distribution of the color centers is random within the
colored layer with a thickness of X, - Then the intensity
of the F 1ight depends on the distance, x, from the surface
as IF(x) = IF(O)exp(_an). When the emission intensity at a
distance x is written as Ic(x), the observed emission inten-

sity (I)

o) obs is given by



(1

where o is the absorption coefficient of the sample at the

wavelength of the emitting light.

) = f§°dx Id(x)exp(-aox) (3.2.6)

o’ obs

From eqs.(3.2.5) and (3.2.6), together with similar
equations for Ta emission, the next relation;

(InA)obs Mpn  %F'% 1-EXP{_(OLF"O‘-HA)XO-}

= (3.2.7)
(Io)obs Mo/Ths %p*oga  1-expi-(apta, )X}
is obtained, since IF(O), NF and K are about the same for
both emissions.

Substituting these values which are obtained experimen-
tally, one can find the value of nwAThs/nc is about 1.5%0.5.

The results shown in Fig.3.2.7, however, indicates that
the proportionality constant is about 102, whereas the cons-
tant obtained from eq.(3.2.4), using the value obtained
above, is at most 10.

This contradiction indicates that the ( VKe )A state
is formable more effectively than the case we assumed above.
Another mechanism, therefore, should exist in the formation

of ( VKe )A in KBr crystals.
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ELECTRONIC STRUCTURE OF THE RELAXED EXCITON ASSOCIATED WITH
AN ALKALI IMPULITY IN KBr

Several properties of ( V in KBr crystals have been

k® Ja
investigated by means of optical absorption and emission
measurements caused by x-ray excitation or pulsed
electron irradiation. The 2,75-eV emission band in
KBr:Li is assigned to be due to radiative decay of

( VKe )Li' It is also found that both the emission band
at 2.9 eV due to ( VKe )Na and the 2.75 eV band are m-
polarized. The broadening of the halfwidth of these
emission bands with raising temperature is described in

1/2(

terms of strong interaction formula; H(T) = Hgycoth
2hve/kT ). The value of ve is 2.3 X 10%% sec™! for

( VKe )Na and ( VKe )Li' The transient absorption cor-
responding to the transitions to higher excited states
from lowest excited states of ( VKe )A in KBr érystals
has newly observed at 1.75 and 1.6 eV for ( Vie )Li and
1.65 and 1.5 eV for ( VKe )Na at 80 K, respectively.
Association of ( VKe ) with a fggeign alkali jion results
in shorter lifetimes ( 2.5 X 10 “sec for ( V and
1.5 X 10 >sec for ( Ve

ble blue shift in emission energy, and in a change in

Kk® )Na
e )Li’ respectively ), in a remarka-

quenching behaviour of decay time, especially in frequen-
cy factor. These changes are discussed in terms of the

perturbation to ( V,e ) of an alkali impurity ion.

K

§1 Introductory Remarks

Existence of the relaxed exciton trapped by an alkali
impurity has been confirmed in the previous chapter. Few
discussions were made there on some properties of such a
exciton, ( VKe )A'

In this chapter, electronic structure of ( VKe )A in
KBr crystals has been extensively studied by various experi-



mental techniques, which involves pulsed-electron irradia-
tion.

Such a study concerns the assignment and understanding
of an excited species in alkali halides. One of the main
interests here is the changes in decay modes of an exciton
when it is associated with a nearest neighboring foreign
alkali impurity ion.

For this purpose, KBr crystals doped with Li* ion as
well as one doped with Na' ions were used. This series of
of impurities will cause systematical changes in properties
of pure STE, which may give us better understanding of the

role of impurities on changes in excitonic behaviours.

§2 Experimental Results

Fig.3.3.1shows the x-ray excited emission spectrum of
KBr:Li( 0.07 mol% ) at 6 K and at 80 K. Luminescence yield
of the emission band at 2.75 eV is comparative order to
those of intrinsic luminescences at 6 K, and dominant at
80 K, respectively.

The intensity of the 2.75-eV emission band of KBr:Li
increases with increasing Li* concentration at both 6 K and
at 80 K, similarly as the 2.90-eV emission in KBr:Na.l)
The emission band in KBr:Li is, therefore, tentatively
assigned to be due to ( Ve g

In order to obtain more information of the properties
of the initial state of the emission band {rom ( VKe )A,
polarization measurement similar as that made by Kabler
for ( VKe )2) was made. VKA centers in alkali halides 1lie
in the (100) plane with approximate <110>-molecular axis,
as shown by Schoemaker.s) The anisotropy of the VKA center
makes it possible to measure poralization of the emission
from ( VKe )A' The VKA(Na+) center in KBr has a g-poralized
absorption band at 3.35 eV, as shown in the preceding
chapter.

A KBr:Na:NO2 crystal x-rayed at 80 K was warmed to 180 K.
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Such thermal treatments annihilate the VK center and enhance
the VKA(Na+) center‘l) Then the VKA center was oriented
along the <011> direction of the crystal by illumination of
<011>-polarized 370 nm light at 6 K. Successive F band
excitation results in the polarized emissions of 2.9-eV
band and also of 4.4 eV band. The latter is identical with
the o emission of ( VKe ) in its peak position and band width.
The 4.4-eV emission was not observed when the illumina-
tion of 370 nm light was not made prior to F bleaching. It
can be, therefore, concluded that the 4.4-eV emission is
due to the recombination of an electron with the VK center
which is " regenerated ' from VKA(Na+) centers by the exci-
tation with 370-nm light at 80 K. In this experiment, the
polarization of 2.9-eV emission can be determined with
" reference " of well-known c¢-polarized emission of ( VKe ).
In Fig.3.3.2, we plot the intensities of the 2.9-eV and
4.4-eV bands as the analyzer is rotated relative to the
crystal. Angle 0 of polarizer orientation indicates the
<011> direction, or the arranged VKA«center axis. It is
clear that the 2.9-eV emission band is m-polarized. The
percent polarization calculated from the result is -36,
which is higher than the value of 71 emission of ( VKe ).2)
It is reasonable, therefore, that one calls the 2.9-eV
emission band in KBr:Na ﬂA(Na+) emission, in the sense that
the emission is w-polarized and associated with an alkali
impurity ion. Similarly, the 2.75-eV emission is called
WA(Li+) emission.
The result that the Ta emission is mw-polarized suggests
that the initial state of the radiation is a triplet state.
The pulse-electron irradiation was employed to obtain
the decay of the emission band and the transient optical
absorption due to ( VKe )A‘ Since the Th emissions exhibit
nearly the same intensity at 80 K as 6 K, detailed study
of the luminescence and optical absorption of ( V
made at 80 K.
A typical example of the decay at the nA(Na+)-emission

k€ )A was

region is shown in Fig.3.3.3. The temﬁerature is 80 K.
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The decay curve of the emission intensity at 415 nm involves
a very fast-decay component whose decay time is less than

30 n sec and a slow component with the decay time of 11.8

u sec.

Figure 3.3.4 shows the time-resolved emission spectra
in KBr:Na(0.61 mol%). Open circle and closed one indicate
the emission intensities at 90 nsec, 190’ and at 1.5u sec,
Il's,after the pulse bombardment, respectively. The double
circle are the differences in emission intensities of the
two. The intensity at 1.5u sec after a pulse is producted
by 2, for convenience.

The curve consisted 6f Il.srepresents the emission
spectrum whose decay time is 11.8 u sec,. and the one of
double circles, or of the differences between 190 and 11.5
is considered to represent the spectrum of fast-decay compo-
nent. The difference in peak energies of the two emission
bands is about 0.15 eV.

The decay time of the fast component is about three
orders of magnitude shorter than that of the slow one,
whereas the initial intensity of the former is roughly one
order of magnitude larger. Therefore, the Ta emission ex-
cited by conventional x-raying corresponds to the slow
component with the decay time of 11.8 u sec at 80 K.

Similar results were obtained for KBr:Li crystals.

The decay time of the ﬂA(Li+) emission is 13.0 ¢ sec at 80 K.

Figure 3.3.5 shows the transient optical absorption
spectra which are seen in KBr containing alkali impurity
and share the same decay times as those of ﬂA;emissions.

The peak energies of the absorption are 1.5 and 1.65 eV for
KBr:Na, and 1.6 and 1.75 eV for KBr:Li. Since the lifetime
of the lowest triplet state of pure STE, ( VKe )ﬂ,
is less than 10-7 sec at 80 K,4’5) it is clear that these
absorption peaks are not originated from pure STE.

in KBr

To obtain further confirmation of the origin of these
. + .
absorption bands, the Na concnetration dependence was
measured, The results are shown in Fig,3.3.6.

The absorption coefficient of 1.5-eV absorption band
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is in proportion to Na' concnetration as the emission in-
tensity of 2.9-eV band 1is.

The agreement of the decay times of these absorption
peaks with those of TA emissions and the same linear depen-
dence on impurity concentration confirm that these absorption
bands correspond to the optical transition from the m, State
to higher excited states of STE trapped by an alkali impurity
ion.

Measurements were made on temperature dependence of the
decay time of Ta emissions. Results are shown in Fig.3.3.7,
with that of 7 emission for comparison.sJThe decay time
of wA(Na+) is 2.5 X 10‘5 sec at 6 X, and 1s quenched thermal-
ly above 70 K. The decay time of ﬂA(Li+) exhibits the value
of 1.5 X 107°
above 60 K.

The temperature dependence of decay time, T, can be

sec at 6 K, and becomes shorter gradually

represented in terms of the typical quenching pattern, i.e.
1/t = 1/t + vexp(-E/kT), where 1/1, is the radiative transi-
tion probability and v and E are frequency factor and acti-
vation energy for non-radiative decay via thermal activation,
respectively. The values of v and E, obtained by best fit

of these data are 3.2 X 10° sec T and 0.075 eV for WA(Na+),

and 4.7 X 10% sec™! and 0.048 eV for ﬂA(Li+), respectively.

The results shown in Fig.3.3.7 indicate that radiative
lifetime and its quenching pattern are strongly affected
by the alkali impurity ions with which ( VKe ) is accosiat-
ed; lifetime, T,, becomes short and Vv is reduced in the
order of ( VKe )Na and ( VKe )Li‘

The temperature-dependent broadening of the halfwidth
of the T emission band excited by x ray has been also mea-
sured. Results are shown in Fig.3.3.8. The halfwidth of
ﬂA(Na+) or of ﬂA(Li+) at 6 K is 0.49 and 0.47 eV, respective-
ly. One can see that the pattern of bradening of the half-
width with increasing tempersture is essentially the same
for both cases.

The result can be described by the formula: H(T) =

H(O)cothl/z(hve/ZkT). The solid curve in the figure is the
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calculated curve with the value of 2.3 X 1012

sec™! for Ve
Agreement between the calculated curve and the experimen-
tal points is good.

The fact that the value of Vo is the same for both
WA(Na+) and nA(Li+) is very contrast to the strong dependen-
ce of the value of v on the kind of alkali impurity of
( VKe )A‘ The different behaviours between Vo and v are

discussed in the next section.

g3 Discussions

Results obtained for m, States in KBr in the preceding

section can be summalized as follows:

1) The emission band is 7m-polazied.

2) The lifetimes of wA(Na+) and nA(Li+) states are
2.5 X 10 °sec and 1.5 X 10‘Ssec, respectively,

3) Transient absorption peaks corresponding to the
transition from m, States to higher excited states
are situated at 1.5 and 1.65 eV in KBr:Na and
1.6 and 1.75 eV in KBr:Li, respectively,

4) Temperature dependences of the decay times of
T emissions depend strongly on the alkali impurity
ion associated STE, whereas the dependence of the
broadening of the halfwidth is essentially the
same for both.

The m, state possesses similar properties as those of ( Ve )“.
It is, therefore, evident that the initial state of the Tp
emission is the lowest triplet state of the self-trapped
exciton associated with an alkali impurity ion in KBr.

The association of STE with an impurity ion results

in changes in its optical and thermal properties. Various
quantities of ( VKe )A are listed in Table 3.3.1, with the
corresponding values of ( VKe )Tr for comparison.

Principal changes are followings;

1) Lifetime becomes shorter,

2) the emission energy shows a remarkable blue shift



Table 3.3.1. Various quantities in transitions of ( V,e ),. Corres-

ponding values of ( Vge ), and the F*( o) center are
also shown for comparison. Peak energies, Eg,, and half width, W, of
the emission bands, thermal activation energies for decay-time
quenching, Eqs and the peak energies of transient optical absorption,
Eap, are given in units of eV. Lifetime of a state, T, and frequency
factors for decay-time quenching, Vq» and for the halfwidth broadening,
Ve, are given in units of sec and sec-1, respectively.

Eab Eem W Qis Eq vq velz
(X10™°) (X10"%)
(Vge )y, 15 1.65 2.90 0.49 2.5 0.075 3.2 X 100 2.3
(Ve )yig 1.6 1.75 2.75 0.47 1.5 0.048 4.7 X 10° 2.3
C
(Ve ) 1.58 1.77% 2.27° 0.40° 10 0.050° 1.3 x 1011 —
F(a) — 2.47% 0.52¢ — - - 2.99

a) R.T.Willians and M.N.Kabler ( ref.4 )
b) M.N.Kabler ( ref.2 ).

¢) T.Karasawa and M.Hirai ( ref.5 ).

d) T.Timusk ( ref.13 ),



and absorption energies are almost the same and/or
slightly red shifted, and

3) the frequency factor for thermal quenching of decay

time is significantly dependent on impurity.

The Li' ion has a smaller ionic radius, so that pertur-
bations to ( V e ), which occurs through lattice dlsorder
surrounding 1t may be greater for Li* than for Na®. The
degree of changes in some properties are, in fact, in the
order of ( VKe )Na and ( VKe )Li' For example, the lifetime
and the frequancy factor in the probability of non-radiative
decay are the case. The changes of them may be, therefore,
closely related to the lattice disorder.

However, others, especially the differences in the peak
energies of absorption and emission, are not. These results
is supposed to indicate that the perturbation of a fbreign
alkali ion nearby STE does not take place only through the
ionic disorder surrounding ( VKe ).

Below, we shall first discuss the change in lifetime,
next the shifts in peak energies of absorption and emission,
then temperature-dependent properties, and absence of ¢ emis-
sion in ( VKe )A. Finally, general features of ( VKe )A
are summalized with the comparison with those of pure ( VKe )
and of other perturbed excitons.

( 31 ) Changes in radiative lifetime

The spontaneous emission probability between non-degene-

rate states |k> and |m> is6)
2 3

4e"nE £
- km ceff
The value of Tyem has been obtalned by Karasawa and Hirai““to be

1.0 X 10 sec for ( Vge )W. Those of ( Vge )Naand ( Vge )Liare
2.3 X 10'Ssec and 1.5 X 10_Ssec, respectively., Assuming that
the effective field ratio is about the same for each, the

2

5)

matrix element is roughly two or four times larger for nA(Na )
or for (L1 ), respectively, than that of ( V e )
The initial state of Ta emission, [k, may be linear



combination between a triplet part |t) and a singlet part
|s) the admixture of which mainly comes from halogen s-o

7)

There may be two possibilities that make the matrix

coupling.

element large; one is supplementary admixture of another
singlet state into the triplet state, and the other is the
change in the value of (s|r|m) itself.

First, the former possibility is discussed. For ( VKe )A
the Xzz— molecule ion is placed in a C2V symmetry, whereas in
D2h for ( VKe ). Figure 3.3.9 shows the schematical energy
diagram of pure ( VKe ) and of ( VKe )A. The ordinate of
the figure represent the energy, though the scale is quite
arbitrary. The notation of the one-electron level has been
designated in terms of the irreducible representation for

Dpp» Dpps and C,o.
For w emission, the important singlet part is considered
to be the one which has the configuration of Clsog;lnu in
7)

terms of the representation for Dmh' The one-electron
level, 1so_, in triplet state splits into three sub-levels
of blg’ ng’ and b3g11n DZh’ The first two can be mixed
with the levels of I,

For Ta emission, the singlet part, 1Hu,degeneracy of

which are resolved into A, and B, in C,._, can combine with

1 2 2v
the sublevels of the triplet state, A1 and BZ' Furthermore,
a state with the configuration of (o )(w )4fn )4(cu)2(lsog);
1.+

Zg in the representatlon for D ool ? wh1ch is A1 in C2V and
is represented as Al for convenience, could be combined with
A1 of a sub-level of the triplet state;

The degree of admixture between A1 and the sub-level
of A1 is determined mainly by the energy separation of these
states.

One important changes, which may take place in ( VKe )A’
is the reduction of the internuclear distance of two
halogen ions. As discussed previously, the shorter nuclear
separation results in the considerable lowering in the

energy level of LI whose representations are b2 and b1 in
8)
C

*
v In such a case, the energy level of A1 is considered
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Fig.3.3.9. Schematic single electron state descrip-

tion of ( Vyge ) and ( Vge ),. Sub-levels
of lowest triplet state are de51gnated 1n terms of the
direct product of space representation and spacies of
spin functions in each symmetry. Changes in inter-
nuclear separation of X,” and in symmetry are taken
into account.



to be close to that of 1H Therefore the contribution of

a supplementary admixture of A1 to the larger matrix ele-
ment may not be unplausible.

The possible recombination of AZ( Blg in DZh ) with a
sub-level of the triplet state may not be important, since
the sub-level does not contribute to the radiative transi-
tion.

The possiblity that makes the matrix element itself
large may be possible, too, which may come from the change
in overlap of electron wavefunctions of two states.

As suggested by Schoemaker,s) the VKA center has a
smaller nuclear distance. Since the overlap of p orbitals
of Br depends on the distance, it may be expected that
the value of matrix element changes with changeing the
nuclear separation. Thus the mechanism may be probable,too.

It has not been cleared here which possibility is
important in the present case. Further investigation is
nescessary to make clear the origin of the change in life-

time.

( 3-2 ) Shift of transition energies-

Association of ( VKe )Tr with a foreign alkali ion gives
a remarkable blue shift in emission energy and little changes
in the absorption due to the transitions to higher excited
states of the lowest triplet state.

This result indicates that a nearest neighboring alkali
impurity ion mainly affect the electronic transition between
levels involving the ground state. First we disscuss the
changes in emission energies.

The energy level of the ground state of XZZ_ may be
repulsive potential between two halogen ions. The presence
of the nearest neoghboring cations may enhance the poten-
tial especially for smaller nuclear distance between two
halogen ions. Replacing K" by Na® or Li" in KBr may
reduce the repulsive potential. The smaller nucler distance
of VKA center compared with that of the VK center is con-



sidered to be resulted by such a reason. Thus it is not
unprobable that the level of ground state is lowered by the
substitution of a host cation with one having smaller ionic
radius.

Douglusg) has calculated the total energy change in
replacing a mol of K* by Na' in KBr. It has been shown that
overlap-repulsion energy is drastically reduced by
16.0 kilocal/mol, and that the total energy change is
- 10.45 kilocal/mol, or is - 0.45 eV.

It is, therefore, reasonable to attribute the differ-
ence in the emission energy of WA‘emission from that of
emission in KBr, about 0.5 eV, to the reduction in energy
level of the ground state.

The line of this argument involves the larger blue
shift of ﬂA(Li+) than that of ﬂA(Na+). The experimental
result is not, however, the case. This contradiction
seems to indicate that the lowest triplet state is also
affected by the impurity ion, though the degree of changes
is, of course, considered to be smaller than that of the
ground state. This problem will be discussed later in this
paragraph.

We then discuss the transitions to higher excited
levels from the lowest triplet state.

As seen in Fig.3.3.5, the peak positions of the doublet
peaks of ( VKe )Li is about the same as those of ( VKe Do
and the positions of ( VKe )Na show slightly red-shift.

The relative strength of the doublet ansorption peaks of
( VKe )Li is about the same as that of ( VKe )ﬂ,
the strength of ('VKe )Na changes considerably.

whereas

One can also see in Fig.3.3.5 that the doublet splitting
of ( VKe )A does not very differ from that of ( VKe )ﬂ.
The doublet has been assigned to transitions from Alsog; E;
to Apru;3Hg and to ASpou;szg, respectively.lo) If an
alkali ion nearby STE affects the electronic states of these
higher states, appreciable change in doublet splitting
could be observed, since the level of Zpm should be per-

turbed more seriously than that of Spou. The results in



Fig.3.3.5, thus, appear to favor that the excited states
of ( VKe )ﬂ are less perturved than its ground state by a
foreign alkali ion.

The behaviour seems to be reasonable; the wavefunctions
of electron in these excited states is considered to be
considerablly extensive, so that the difference in the
hole configuration between VK and VKA centers may be less
important. The changes in the absorption of ( VKe )A from
that of ( VKe )TT may, therefore, originate from the change
in the initial state, the lowest excited state.

Results shown in Fig.3.3.5 suggest that the changes
in the lowest excited state are more serious in ( VKe )Na
than in ( VKe )Li' Such a type of perturbation, if it is
true, is supposed to come not from the change in symmetry,
or in the distortion of surrounding lattices, but from
other mechanisms, since a Lit ion, not a Na* ion, should
cause larger degree of the changes.

Stonehamll) has calculated the electronic state of
a relaxed exciton by Hartree-Fock calculations, and shown
that the atomic orbitals of alkali ions, especially s
orbitals, are also important in the lowest excited state.
In the present case of ( VKe )A, a metal ion of ( MX )2
compound is replaced by a ion with smaller quantum number
of the orbitals. It is, therefore, expectable that the
energy level of the lowest excited state varies, depending
on the level and on the degree of admixture of the orbital
of foreign alkali ioms.

The lowest unoccupied atomic state, 2s for Li* and
3s for Na' may be of most importance. The eigen values
of these orbitals in free ions have been calculated by
Hartree-Foch-Slater ( Xa ) method. The results are
shown in Table 3.3.2.

One can see that the value does not change in the or-
der of Li+, Na+, and K+, but that the value of 3s in Na
has the lowest one. Though these values must be modified,
of course, in the crystaline field, the order in the

levels may not change. Therefore, it is not unreasonable



Table 3.3.2(a): Eigenvalues of atomic states in free alkali ions
calculated by Hartree-Fock-Slater ( Xa ) method.
Values are given in atomic unit.

Li* Na® K
1s -2.254835 ~-38.189875 -128.992404
2s -0.235062 - 2.349977 - 13.116703
2p -0.161896 - 1,341782 - 10.564924
3s - 0.244043 - 1.490007
3p - 0.135122 -~ 0.898269
4s 0.208119
4p - 0.123063

Table 3.3.2(b): Total energy, T.E., Hartree-Foch value, E R kinetic
energy, K.E., potential energy, V, nuclear attraction

energy VZ, electron repulsion energy, .VE, and exchange-correlation

energy, VX of lowest unoccupied atomic state of free alkali ions.

( atomic unit ).

T.E. EHF K.E. \' VZ VE VX

25(Li+) -.60408 -.27328 .37025 -.60531 1.30513 .77624 -.07643
35(Na+) -2.02824 -.30625 .60082 -.84486 4.35105 3.63061 -.12442

4s( K+) -2.81104 -.27159 .63913 -.84725 5.98962 5.26930 -.12693




to expect that the change in energy level of the lowest
excited state is most serious not in ( VKe )Li but in
( VKe )Na’

From the data indicated in Table 3.,3.1, it can be seen
that the difference in emission energy and that in absorp-
tion energy between ( VKe )Li and ( VKe )Na is about 0.1 eV.
It appears that the larger blue shift in emission energy
is compensated by the larger red shift in absorption
energy. This behaviour could be undersood, if the HA(Na+)
state is energetically higher than the HA(Li+) state by
about 0.1 eV. Such a situation is supposed to be possible.

The calculation of the electronic state of ( VKe )A
may give the answer the question why a Na® ion affects the
lowest excited state of ( VKe ).

( 33 ) Changes in quenching pattern of
decay time

Measurements of temperature-dependent properties of
color centers give us informations on the interaction of an
electron with phonons. For many cases in alkali halides,
the interaction has been well interpreted in terms of strong
interaction.

In the present problems, the broadening of the half-
width of the emission band is analyzed well with the for-
mula; H(T) = Hocothl/?(hvg/2kT).1%)
that the strong interaction 1is also applicable to ( VKe )A'

This result indicates

The value of v, obtained here is essentially the same
and is 2.3 X 10%2 sec™! for both ( Vge )i and ( Vye )Na'
This value is close to that of emission of the o center, which
is also a perturbed exciton,ls) and is comparable to that of
the frequency of LO-phonon in KBr.

The distortions surrounding the imperfections such as
Li+, Na' and an anion vacancy are considered to be differ-
ent significantly. For example, the degree of the lattice
relaxation due to surrounding Li' in KBr is about two
times larger than that due to Na® ion, according to the cal-

culation of Douglus.g) The similarity of the value of vg’s



for ( Vge )Na’ ( VKe )Li and also the a center, therefore,
indicates that the phonon mode responsible for the broaden-
ing of halfwidth of an emission band is not sensitive to
the localized displacement of ions nearby the center.

According to the arguments of Williams and Kabler,4)
the phonon mode responsible for the broadening of the spect-
ra is breathing mode which reflects the displacements of all
ions surrounding the center ( external mode ), Such a
mode may not be very sensitive to the distortion at the
localized region.

Temperature dependence of decay time also gives us
information on phonon interacting with -an electron. As
shown in Fig.3.3.7, the temperature dependence can be de-
scribed adequately in terms of the competitive process of
two channels which are the radiative decay with the proba-
bility of 1/t1, and the non-radiative transition with the
temperature-dependent probability of vexp(-E/kT).

Ikezawa and Kojima14) have shown that the frequency
factor v for ( VKe ) is of the order of v,. But, present
result shows that v is essentially different from vg;

v of ( VKe ) is drastically reduced when it associates with
a foreign alkali ion, and it, furthermore, depends strongly
on the kind of impurity ion. This behaviour of v is very
much in contrast to that of ve. The result may suggest

that the phonon mode which is responsible for the non-radia-
tive decay is not the same as that resulting in the broaden-
ing of the halfwidth.

As discussed above, the latter might be the external
mode of vibration. There may be the different type of
vibration, internal mode of Xzz'.4) It has been suggested
that the internuclear distance of X2 becomes shorter in
VKA centers. The thermal properties of a VKA center also
shifts from those of a Vg center; the decay temperature
of the VKA center is higher, whereas the disorientation
temperature becomes 1ower.3) Therefore, it may be gxpected
that the internal mode of vibration strongly dependﬁaﬁwthe

configuration of X2 in STE. Thus the internal mode of the



core of STE might be responsible for the non-radiative tran-
sition of ( VKe ) and ( VKe )A.

Detailed mechanism of non-radiative decay of an exciton
has not been revealed so far, and the physical meaning of
the parameters determining the quenching pattern of decay
time may not be very clear. The present results, the essen-
tially different behaviours of Ve and v, may be interesting
and may give something for clear understanding of the mecha-
nism of non-radiative decay of an exciton.

( 34 ) The emission band with fast decay time

One of the significant difference in properties of
( VKe )A and pure ( VKe ) in KBr is the absence of the o
emission of ( VKe )A' In ( VKe ), the o emission takes 2)
place at 4.40 eV, as well as 7 emission at 2.27 eV in KBr.
As clearly shown in Chap.[3-2], the ( VKe )A has only one
dominant emission band which is w-polarized, TA emission.

It has been identified that the o emission corresponds
to the transition from AZsog; 12; to Aounp;12+.15) Such
a transition 1is also dipole-allowed in ( VKe )A where the

XZZ_ is placed in a C symmetry, as shown in Fig.3.3.9.

The experimental resuiz that the o emission of ( VKe )A is
not observable, therefore, indicates that the population
of the initial state of such a transition is suppressed in
this system. The mechanism of this suppression has not been
cleared here. It may be supposed that the mechanism has
close correlation with that through which some alkali
halides, such as KC1 and NaBr, do not possess the o-emission
band.

In ( VKe )A’ the emission band whose decay time is
very fast is observed at the triplet-emission ( Ta ) band
region, as shown in Fig.3.3.4, Such a band with similar
decay time is observed at 6 K as well as 80 K., The decay
time less than 30 n sec may indicate that the emission is
due to the dipole-allowed transition. The peak position
of this emission band situates at about 3.0 eV which is



close to and slightly higher than the peak energy of Tp~
emission band.

These results suggest a possibility that the fast com-
ponent originates from Alsog;lza,

Onodera and Toyozawa have obtained the exchange energy
' 16) On the other
hand, Marrone et al.17) have shown that the energy for the
lowest excited state of the relaxed exciton is 0.,0076 eV,

based on their EPR study. The exchange energy depends,

of 0.26 eV for unrelaxed exciton in KBr.

in the first approximation, on the average distance between
an electron and a hole, and decreases exponentially with
increasing the distance. The wavefunction of an electron
in lowest excited state of ( VKe )A is considered to be
more close-packed than in ( VKe ), since the hole may be
more locarized due to smaller nuclear separation of Xz'

in ( Vge )A' It may be, therefore, expected that the

value of exchange energy for ( VKe )A lies between values
of unrelaxed exciton and of ( VKe ).

The value of 0.17 eV, the difference in the peak ener-
gies of the fast component and of the T emission, may not
be unplausible for the exchange energy for ( VKe )A'

Of course, the clearer assignment of the origin of
the fast-decay emission band at 3.0 eV needs further detail-
ed study, though the above-mentioned model is supposed to
be a possibility.

( 3:5 ) General features of ( VKe )A as a
perturbed exciton

Discussions on the decay mode of ( VKe )A’ made in the
previous paragraphs in this section, have revealed the
following characteristics, comparing with that of ( VKe )
( VKe )A has larger radiative-transition probability and
has less probability of non-radiative transition, which
comes from the larger activation energy and from smaller
frequency factor. The ( Ve ), thus tends to deexcite
radiatively.

This property of ( VKe )A is very contrast to that of
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Fig.3.3.10. Schematic morphology for ( V,e ), ( V., e )A’
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to pure ( VKe ).



another perturbed exciton, the heteronuclear exciton such
as ( C1Br + e ).

Schematic models of these excitons are sketched in
Fig.3.3.10. The symmetry of ( VKe ) is D2h’ and that of
( VKe )A as well as ( Cl1Br + e ) becomes CZV' However,
the perturvation to ( VKe ) is along a <110> direction for
( C1Br '+ e ), whereas that is along a <110> for ( Ve Ja-

( Ve ) possesses two decay modes, radiative decay and
non-radiative one, which involves dissociation of an exciton
or defect formation, though the relative ratio of the
probabilities of these modes depends strongly on the kind
of the salt.

Keller and Pattenl®) have found that ( C1Br + e ) in
KC1 crystals is roughly an order of magnitude more effective
in dissociation than intrinsic ( VKe ). Maki et al.lg)
have also obtained the similar result. This is considered
to be because of the asymmetric-energy pertition for the
mixed VK-center recombination due to the perturbation to a
<110> direction, halogen axis, along which replacement
collision sequence of an interstitial takes place.

In intrinsic ( VKe ), such an asymmetric pertition of
energy could be occur, though the probability is supposed
to be smaller owing to its higher symmetry of DZh‘

In the system of ( VKe )A’ however, asymmetricity along
not to <11® but to <110>, metal axis, is emphasized, as
shown in Fig.3.3.10. In this system, thus, the probability
of aymmetric partition of energy for effective creation
of interstitials is considered to be fairly lowered, which
may be accompanied by the higher probability of radiative
decay.

Thus, it is expected that the formation of ( VKe )A in
alkali halides results in the decrease of color-center
formation rate at low temperature., This effect will be
studied in the next chapter.
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EFFECTS OF THE ALKALI IMPURITY ON THE RELAXATION OF AN
EXCITON IN KBr AND KC1

Study on defect formation and luminescence in KBr and
KC1 crystals containing alkali impurities have been
performed by means of measurements of optical absorp-
tion and emission due to x-ray or pulse electron ir-
radiations at low temperatures. .The most important
finding is that the alkali impurity suppresses the

the colorability, enhances the emission from ( VKe )A’
but gives no effects on the intrinsic luminescence.

The suppression of the defect formation is shown, quan-
titatively, to be due to the formation of ( VKe )A'

It is proposed that the formation of ( VKe )A takes place
through the selective interaction between the exciton
state responsible for the creation of F - H pairs and

the impurity ion. A model for the relaxation of an
exciton and the origin of the selective interaction are

discussed based on results obtained in this study.

§1 Introductory Remarks

One of the most important present problems in the field
of color center physics concerns the properties of the exciton
state as precursors of F - H pairs.l—s)

In the earliest excitonic mechanism model by Pooley and
by Hersh, color centers wereconsidered to be formed from the
relaxed exciton which is also responsible for the intrinsic

5)

shown, as discussed in Chap.[3-1], that the exciton state res-

1uminescence.4’ Recent studies on defect formation have
ponsible for the color-center formation, ( VKe )F is a higher
excited state different from the states which result in
intrinsic luminescence. Several new excitonic mechanisms

have been proposed based on the recent understanding.1’6’7)



Then our attention should be focused on the relaxation
of the hot exciton, through which paticular states of the
exciton such as ( VKe )0, ( VKe )“, and ( VKe )F are formed.
Here we study the relaxation of an exciton in terms of inter-
nal perturbation due to the alkali impurity.

In previous chapters, we have identified the origin of
the 2.9-eV emission band to be due to radiative decay of the
( VKe )A’ i.e. the exciton trapped by a nearest-neighbor
alkali-impurity ion. The electronic structure and other
properties of ( VKe )A have also been studied. It has been
clearly shown that the formation efficiency of ( VKe )A is
very high, comparing with the consequence of statistical con-
sideration. This means that ( VKe )A is formable quite effec-
tively during irradiation process which involves the relaxa-
tion of hot excitons. Another important property of ( VKe )A’
which has been revealed in Chap.[3-3], is that the perturbed
exciton tends to de-excite radiatively.

Taking account of these interesting establishments of
preceding chapters, it may be fully expected that color-center
formation is affected when ( VKe )A is formid. .

The role of alkali impurity such as Na or Li for defect
formation in alkali halides has been mainly investigated
in terms of the secondary reaction of halogen interstitials
or their interaction with the impurity. Little attention,
however, has been payed on the effects of such impurities on
the behaviour and properties of excitons so far.

One should, at this point, reconsider the role of the
alkali impurity for defect-formation process from a more
general approach involving not only interaction process of
created interstitials, but also dissociation of an exciton.

From such a'pqint of view, we study in this chapter
defect formation in KBr:Na and other similar systems, paying
main attention to the correlation between coloration and
luminescence by x-ray or pulsed electron beam irradiations.
Results obtained here have revealed some important features
in relaxation of the hot exciton and in properties of ( V

k® JF
in KBr and KC1l crystals.



§2 Experimental Results

( 21 ) Effects of alkali impurity on x-ray induced
colorability and luminescence

Figure 3.4.1 shows the radiation-induced absorption spectra
of KBr containing Na® ion of different concentrations. The
heights of both F and H bands decrease with increasing CNa'
In the H-band region, the shift of peak position toward
low-energy side is noticeable. The heights of F'band and of
the band due to the interstitial bromine ion ( I and IA
bands ) also decrease. The Na® ion, which enhances the for-
mation of F and F' centers at LNT, suppresses the colorabili-
ty at low temperature where primary interstitials are stable.

In order to obtain the correlation between the forma-
tion yields of F and F' centers and the luminescence inten-
sity, measurements were made of the changes of both quanti-
ties as a function of the Na' concnetration. The results are
shown in Fig.3.4.2. One can see that the yields of both F
Na’ though
the rates are not equal. The intensity of TA emission band

and F* centers decreases linearly with increaseing C

increases in proportion to CNa’ within the present range of
the impurity concnetration. One could notice the following
two characteristic features; the complementary behaviour bet-
ween the decrease of colorability and the enhancement of
intensity of the-ﬂA emission band, and the constancy of the
intensities of singlet and triplet emissions irrespective of
the Na® concnetration.

Therefore, it is clear that the existence of the Ta
emission band, i.e. the formation of ( VKe )A’ plays an im-
portant role in the suppression of the colorability at 6 K.

It has been shown in Chap.[3.3] that ( Vge )p; is also
formed in KBr crystals containing Lit impurity ions. It is
expected that the Li* ion gives the similar effects as those
of Na¥ ions on the color center formation, since the ( VKe )Li
has similar properties as the ( VKe )Na' In Fig.3.4.3 for-
mation yield of the F center and the intensities of lumines-

. L+ .
cences are plotted against the Li concentration. We see
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the similar behaviours of these quantities as those in KBr:Na
in also KBr:Li systenm.

However, it should be pointed out that the changes in
these quantities per unit impurity concentration is larger
in KBr:Li than in KBr:Na.

Figure 3.4.3 shows the results of similar experiments
carried out to the KCl:Na system. Again the similar results
were obtained. In KC1l:Na, the supplementary emission band
appears at about 2.8 eV upon the x-ray excitation at 6 K.
This emission band may be due to the exciton associated with

9)

decrease of the yield of the F center with increasing Na' con-

Na' ions. The emission intensity increases following the
centration, though the relative intensity compared with that
of m emission is fairy weak.

Thus, alkali-impurity ions in KBr and in KC1l crystals
affect the radiolytic behaviours at low temperature, to
suppress the defect formation, to enhance the intensity of
the emission band due to ( VKe )A’ but to give no effects on
intrinsic o and/or m luminescences.

( 2-2 ) Effects of the impurities on dynamical
process; experiments by pulse-electron
irradiations

In order to obtain more informations on the effects of
the impurities on color-center formation, the pulse electron
irradiation was employed. First, the dynamical recombina-
tion process of formed F and H centers at 5 K was measured.

In Fig.3.4.5, the result of KBr:Li(0.07 mol%) is shown
and is compared with that obtained by Kondo et al. for pure
KBr.8) One can see that both are essentially the same; most
fraction of the F center produced by a pulse decays, owing
to the dynamical recombination with the H center. This
result indicates that the dynamical recombination is hardly
affected by alkali impurity ion at 5 K.

Second, the effects of Na' ions on the radiolytic
behaviours in KBr at 80 K were studied. Since the primary
interstitials, the H center and the I center, are not stable
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at this temperature, observation of the same impurity
effects as those at 6 K is possible only by the pulse radio-
lysis technique.

Upon the pulse electron bombardment, the transient
absorption bands due to ( VKe )Na as well as the F band was
observed. Typical examples of the results are shown in

Fig.3.4.6.

Curve(a) inFig.3.4.6 shows the change in transmitting
light through the F band in a KBr:Na( 0.70 mol% ). The
intensity slightly increases upto 60 usec after the pulse
bombardment and remains almost unchanged at longer times.
Since the life time of the H center at 80 K is the order of
10_2 sec, thermal recombiantion of the H center is not im-
portant in this time region. Curve(b) shows the change in
transmitting-light intensity at 765 nm in the same sample.
The decay time of the absorption band, calculated from the
data is 1.1 X 10°° sec. From this decay time, it is evident
that the transient absorption band is due to ( VKe )Na( see
Chap[3.3]). The slight increase of the transmitting light,
or the decrease in optical density, upto 60 usec in Curve(a)
is due to the overlapping of the absorption band of ( VKe )Na’

Figure 34.7 shows Na' concentration dependences of the
absorption coefficients of the F band afer 60 usec, a6O(F),
and that of ( VKe )Na at t=0, o in KBr:Na crystals. In
the figure, the dependences of intensities of o and A emis-
sion bands excited by x ray at 80 K are also included. One
can see that a60(F) decreases and o of ( VKe )Na increases

with increasing CN The ¢ emission intensity, which is

a
reduced to 1/200 compared wuth the intensity at 6 K, remains
unchanged at 80 K, too. The effects of the Na* impurity

ion on radiolytic phenomena in KBr at 80 K is thus essential-

ly the same as those at 6 K.

3 DISCUSSIONS

(3-1) Secondary reactions of defects and suppression
of colorability
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In discussiing the suppression of defect formation in

the present case, we can consider the following sequence of

7)

‘exciton, and the other is the secondary reactions of created

defect-formation process; one is the dissociation of an
defects. First, we shall consider several possible secon-
dary reactions which might cause the suppression.

. + .
1. Interaction of replacement sequence with Na ion

Kondo et a1.8) have shown that the primary defect cre-
ated by ionizing radiation is a pair of an F center and an
H center. Dynamic behaviours of the energetic H center in
alklai halides have been extensively studied by Saidoh, Itoh,
and their cowarkers. At temperatures as low as 6 K the ther-
mal migration of the H center is not active,lo) and the
main mode of motions may be adiabatic replacement sequence.
Saidoh et 31.11,12) have shown that the replacement sequence
attractively interacts with a Na® ion to form an HA center.
Therefore, the Na' ion may not act for the replacement sequ-
ence as does the I ion in KBr, which is considered to ref-
lect back the moving interstitial atom as shown by Hirai.ls)
Thus the interaction of the replacement sequence with Na*
ions may not be responsible for the suppression of the F cen-
ter formation.

Kondo et a1.8) have also shown from their study by pulse
electron irradiation, that only 1/50 of the initial F centers
remains stable at 10 K, and they attributed the bleaching
to the recombination of a pair with short distance. As shown
in the previous section, the Li* ion hardly afftects this
dynamic recombiantion process. It may be, therefore, also
impossible to attribute the suppression of the colorability
by the Na' ion to this transient bleaching effect.

2. Conversion from the neutral Frenkel pair into
charged pair

Next, it is nescessary to consider the conversion reac-
tion of a F - H pair into an I - F'pair: Such a reaction
could exist, since the primary product is shown to be the
former, though the details of the reaction are not known.
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One possible type of such reactions may be capture of an

electron from the F center by the H and/or the H, center du-

14) A

ring irradiation. The ratio of the formation yield of

the HA center to that of the H center increases with increas-
ing CA’ since the probability of finding a impurity ion
along the interstitial collision sequence increases. This
is, probably, the cause of the shift of peak position of the
H-band region shown in Fig.3.4;1.11’12)

The conversion reaction can be a cause of the decrease
of the yield of the F center only when the HA center cap-
tures an electron more effectively than the H center: Effec-
tive conversion of the pair in the form of F - HA centers
might result in the further decrease of the F center corres-
ponding to the increase of CA. Saidoh and ItohlS) have
shown that the HA(Na+) center cannot be converted into
IA(Na+) center by capturing an electron from the F center,
although the HA(Li+) center can. The I and F* bands should be
enhanced with decreasing the F-band height, if the conversion
reaction is active. Hoever, the yield of the I- and Ficenter
production also decreases with increasing CNa as shown in
Fig.3.4.1 in the case of KBr:Na system. Thus the conver-
sion reaction also cannot be the main cause of the decrease
of the yield of the F center, though the reaction might give
some effects in KBr:Li system.

3. Optical bleaching by Ta emission

Another possibility should also be considered, which is
the optical bleaching effects by the luminescence during

irradiation.16’l7)

The intensity of the Ta emission in-
creases with increasing CNa’ and the LI emission band appre-
ciably overlaps with the H and HA absorption bands. The de-
crease of the yield of defect formation by alkali impurity
ion might be due to the reabsorption of the emission by H
and/or HA centers, which results in the excitation of the
centers and the succeeding recombiantion with F centers.
This optical bleaching effect can be, however, also
disregarded in viewof the following experimental results:

An optical illumination with the similar band shape and in-
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tensity as that of the T emission during or after x-ray
irradiation was made on a nominally pure KBr. The illumina-
tion caused little change in the yield of each color center.
The 1ight even with the intensity, two orders of magnitude
larger than that of the Ty
bleached at most a few percent of the H and F centers pro-

emission of KBr:Na(0.61 mol%),

duced by irradiation, and no appreciable decrease was ob-
served in the heights of F*and I bands. On the contrary,
the suppression of the colorability by Na* impurity corre-
lated with the considerable decrease in the yield of the F-
center production as shown in Fig.3.4.2. Therefore, the
main origin of the suppression in the present case cannot
be ascribed to the optical bleaching by the Ta emission.

Thus, we can conclude that the secondary processes of
the created color centers are not responsible for the sup-
pression of the F-center formation. Above discussions to-
gether with the result that the formation of ( VKe )A is
closely related to the suppression of the F center formation
focus our attention on the dissociation process of an ex-
citon, or relaxation of the hot exciton.

( 32 ) Relaxation of exciton in alkali halides
containing alkali impurities

The complementary behaviour between F center formation
yield and the nA—emission intensity shown in Figs.3.4.2, 3, and
4 indicate that teh formation of ( VKe )A plays an important
role in the suppression of colorability. This relationship
is, however, very qualitative, since the formation yield of
( VKe )A is measured by its emission intensity. In order
to obtain more quantitative and decisive correlation between
the decrease of the formation yield of the F center and the
formation yield of ( VKe )A’ we shall focus our attention on
the results of pulse-radiolysis experiments where the
formation yield of ( Vge )A is measured by means of optical
absorption.

Since the lifetime of the H center for thermal recombi-
nation is not active in the time region of 10_4 sec, a6O(F)in
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Fig.34.7 is considered to represent the total number of
surviving interstitial halogen atoms in the forms of H and
HA centers after the dynamical Ticombination process which
takes place within less than 10 sec after the pulse elec-
tron bombardment at 80 K. The meaningful values which we
can compare each other are, however, the absorption coeffi-
cients at t=0, ay. Unfortunately, optical density of the F
band at t=0, (O.D)O, was not obtained in the present experi-
ments, since the dynamical recombiantion of the F center at
80 K was not observable by the present experimental system.
Karasawa and Hirai have measured (O.D)O in KBr between 1.8
and about 80 K, and have compared it with the optical den-
sity at 500 sec after the pulse bombardment, (0.D)500n18)
The ratio of (O.D)0 to (O.D)500 is about 11 at 76 K. The
value of optical density at 60 usec after electron bombard-
ment obtained present experiment may be essentially the same

18) Therefore, it is

as (O.D)500 of Karasawa and Hirai.
possible to estimate (O.D)O from the present data with assis-
tance of the data obtained by them.

In Fig.3.4.8, decrease in estimated value of absorption
coefficient,um is plotted against the increase in that of
( VKe )Na in crystals with different Na® concentration. The
results shown in the figure indicate that the decrease in
absorption coefficient of the F band at t=0 in a given KBr:Na
crystal is about the same as the height of absorption coeffi-
cient of the ( VKe )A band in the crystal. Since the oscil-
lator strengthes of F. and ( VKe )A bands are considered to
be about the same%)one can conclude that the suppressed con-
centration of the F center by Na' ions is about the same as
that of formed ( VKe )Na‘ This is the direct evidence that
the suppression of the F center formation is due to the
formation of ( VKe )A.

Two types of reactions may be possible for the forma-
tion of the ( VKe )A; (i) one is the interaction between an
exciton and a impurity ion, and (ii) the other is the inter-
action of a hole with the ion followed by the subsequent
electron trapping. If the ( Ve )A is formed mainly through
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the latter reaction, the intensity of the intrinsic lumines-
cence should be also suppressed corresponding to the increase
of the Ta emission intensity, since the increment of the
formation probability of the VKA center with increasing CA
may result in the decrease of the number of VK center to

form the exciton state.

Kondo and Hirailg) have shown that a small amount of
Ag impurity suppresses the formation of H and F centers in
KC1 at 10 K. They attributed the suppression to the trap-
ping of an electron by the impurity, which may result in the
decrease of the probability of electron-hole recombaintion
to form the exciton state. In such a case, intensity of
intrinsic luminescence should also be suppressed.

As shown in Figs.3.4.2,3,and 4, the alkali impurity ion
gives no effect on the intrinsic luminescence, at least
within the present range of the impurity concnetration.
These results rule out the possibility that the formation
of the ( VKe )A would take place mainly through the inter-
action of a hole with a impurity ion. From the same reasons,
the possibility that the hot exciton itself would be trapped
by a impurity ion is also disregarded. The present results
strongly indicate that the alkali impurity ion in KBr and
KC1 interacts " selectively " with the state of the exciton
which is responsible for the F-center formation.

In the earliest excitonic-formation mechanism mode1,4’5)
the same state is responsible for the defect formation and
intrinsic luminescence. These models cannot explain the
present Tresults. According to the very recent model pro-
posed by Toyozawa,6) the adiabatic instability at the sz
state of the electron trapped by the VK center is respon-
sible for the F-center formation and the 1s state for the
intrinsic luminescence. And the origin of the occurrence
of two channels ( defect formation and intrinsic lumines-
cence ) are whether the relaxation follows the adiabatic
potential or the transition to the 1ls state occurs. It
may not be possible that this model explain the result that

only the exciton state which results in the defect formation
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is affected by a alkali impurity ion.

Karasawa and Hirailg) have measured the yield of the F
center and the intrinsic luminescence of KC1 and XBr below
4 K, and found that the yield of the F center decreases with
decreasing temperature with an activation energy of a few
meV, while the intensity of intrinsic luminescence 1s almost
constant. Their results that the behaviours of the F-center
formation and of the intrinsic luminescence are independent
of each other may suggest that the exciton state responsible
for each phenomenon is essentially different.

The results and discussions above described lead us to
suggest the following model of the relaxation of an excion:
The exciton splits, with a fixed ratio which might depend
only on the salt, into different two states; one is respon-
sible for defect formation, and the other for intrinsic
luminescence, and a " turning point " between two channels
lies just after a hot exciton is formed.

In the 1light of this model, the features of the present
results are well described in the following reaction: After
the splitting, ( VKe )F interacts selectively with an alkali
impurity ion to form the ( VKe )A which release energy in
terms of the Ta emission.

Here, it is worth considering the model proposed by
Itoh and»Saido.7) In their model, the cause of the split-
ting into two channels lies in the relaxation of the hole in
an exciton; the exciton with a VK center in a T state ( Hg
exciton ) is responsible for the F-center formation, and
that in a Za state ( L4 exciton ) for the intrinsic lumines-
cence, respectively. The relaxation of the hole into I
or Zu state is considered, presumably, to take place with
a given ratio. Since the VK center in a II_ state is ener-
getically higher than that in a Iy’ the L, exciton may be
more deeply self-trapped. Thus the perturbation of the Hg
exciton by a impurity ion may be more serious, and the Hg
exciton would be selectively attracted by the ion. This
model thus can explain the characteristic features of the

relaxation of an exciton as revealed above. 1In their model,
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however, one question remains unsolved. Keller and Pattenzo)
have shown that the H center can be formed by the recombina-
tion of an electron with the VK center in KC1l crystal. In

their study, the VK center must be in the state of Zar This

result does not appear to be consistent with Itoh’s model.

( 3.3 ) On formation process of ( VKe )A in KBr
and KC1 crystals

In this paragraph, we shall discuss the formation
process of ( VKe )A’ i.e. the interaction between ( VKe )F
and an alkali impurity ion in some details.

Since the impurity ion hardly affetcs the dynamical
recombaintion process of created H and F centers as shown in
previous section, the concentration of the formed F center
by present stationary irradiation,(nF)s, may be proportion-
al to that of ( VKe )F’ n[VKe]F. From the complementary
behaviour of the F-center formation yield and the formation
yield of the ( VKe )A state, following equation is reason-
ably written;

(nF)S = APD( n[er]F - n[VKe]A ), (3.4.1)

where PD is the dissociation probability of ( VKe )F into
F-H pair, A isva constant, and n[VKe]A is the concentration
of ( VKe )A’ Tespectively.

’ From the proportionality of n[VKe]A to the impurity
concentration, CA’ and from the selective interaction bet-
ween ( VKe )F and an impurity ion, the n[VKe]A may be ex-
pressed as follows;

*
n[VKe]A = n[VKe]F \' Cas (3.4.2)
*
where V is a parameter with a dimension of volume, which
may represent the degree of exciton - impurity interaction.

Then the (nF)s is written as a function of CA in the
following form;

(ng)g = APy n[Veelp (1 - Vic, ). (3.4.3)
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One can estimate, from eq.(3.4.3), the value of V* based
on the results shown in Figs.34.2, 3,and 4. Obtained values
for KBr:Na, KBr:Li, and KCl;Na are listed up in Table.3.4.1.

It is seen that the value of V* depends not only the
kind of the impurity but on the salt itself: The value for
KBr:Li is about two times larger than that for KBr:Na, and
V* in KC1:Na is less than a half of that in KBr:Na.

It has been shown by Saidoh and Itoh that the HA(Li)
center can convert into lA(Li) center by capturing an elec-

15) If such a reaction is the case

tron of the F center,
during x-ray irradiation, the value of V* for KBr:Li may
involve some ambiguity. Taking account of such a situa-
tion, the ratio of V* for KBr:Li to that for KBr:Na is

about the same as the ratio of the missmachings of Lit in
KBr to those of Na' in the salt%l)Therefore, it may be

clear that V* involves the factor representing the proba-
bility of capturing an axciton which may mainly come from

the disorder in the lattice by an impurity ion. This factor
is hereafter represented by £

Then we will compare the value of V* in KC1:Na with
that in KBr:Na. The disorder of Na' ions in KC1 is about
the same as ( or rather larger than ) that in KBr crystal, as
seen in Table.34.1. However, the value of V* in KC1l:Na is
so smaller than that in KBr:Na. -This result suggests that
not only the lattice disorder by an impurity ion, but also
the properties of the exciton in a salt are important for
the exciton - impurity ion interaction studied here. The
properties may reflect the " mobility " of the exciton in
the motion toward the impurity site to*form ( VKe )A.

Taking into account such a property, V should be represent-
ed as a product of ¥ and ui the latter of which reflects the
motional property in a salt. .

The smaller V* in KC1 crystal may be reasonable, since
the VK center, which is the core of a exciton, in KCl is more
22) Though detailed mecha-
nism of the exciton - impurity interaction are not clear,

deeply self-trapped than in KBr.

results and discussions above suggest that the exciton state
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Table 3.4.1. Interaction volgme between ( Vge )F and the alkali-

impurity ion, V , determined from the decrease in
F-center production yield in KBr and KCl. Some related quantities
are also shown for reference.

*

\% distortion Tgq of
of b
6K 80K n.n.ions?) Vg centerP)
KBr:Na 50 35 -0.03958
(359
160 K
KBr:Li 110 - -0.06162
KC1:Na 18 - -0.04256 210 K

a) Results of calculations by Douglas ( ref.21 ).

b) T4 is the decay temperature. After Schoemaker ( ref.22 ).
%

c) The value of V determined from the decrease in

F'-center formation yield.
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which is responsible for the F-center formation involves
motions in its relaxation process.

Two possible types -of motions of an exciton in alkali
halides have been considered so far; one is the hopping mo-
tion of the self-trapped exciton which is stimulated ther-

23) and the other is the coherent diffusion of an
24)

mally,
unrelaxed exciton. In order to obtain more informations
on the behaviours of the exciton in the present case, we
discuss here the temperature dependence of interaction vol-
ume, V*, in KBr:Na crystals.

In Fig.3.4.9, replot was made of the Na® concentration
dependences of formation yields of the color centers and
the ratio of the yield of Ta emission to Ehat of intrinsic
o emission at 6 and 80 K. The value of V can be evaluated
from these plots using eq.(3.4.3).

The value obtained from date of the formation yield of
the F center is 50, whereas that of the F' center is 35 at
6K, respectively. Ritz and Kablerzs) have shown that the
concentration of the produced F' centers to that of F centers
depends on the duration of the irradiation as well as others.
The Difference of the values of V*’s may be due to this ef-
fect, since the x-ray dose under which the yields of the two
centers were measured are different from each other. Since
the conventional x-raying which was applied to obtain yields
of color centers in this study involves various processes
of defect formation, it is not decisive which value of V*’s
is more accurate. However, it may not be unreasonable to
conclude that the value of V* at 6 K in KBr:Na is the ave-
lage of these two, about 40.

The decrease of the formation yield of the F center,
which was obtained by pulse electron irradiation at 80 K is
well described by eq.(3.4.3)with V* of 35. This value is
coinside with that obtained from data of F' center at 6 K.

On the other hand, one can estimate the temperature
dependence of V* also from the luminescence data involved in
Fig.3.4.9. In the figure, the intensity ratio between Ta

and ¢ emissions, ( ITTA )0/( Is )O, is the value which is based
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Fig.3.4.9. Na'-concentration dependence of the relative forma-
tion yields of F ( o ) and F* { A ) centers at 6 K,
and of the F center at 80 K ( e ), and the dependence of the
ratio of ( Igp )o/( Ig Jo at 6 K ( x ) and at 80 K ( @ ), res-
pectively. Formation yields at 6 K were obtained from the
x-ray irradiation data ( Fig.3.4.2 ), and the yield at 80 K
from pulse-irradiation data ( Fig.3.4.7 ), respectievly.
( Igp )o as well as ( Ig ), represents the emission intensity
of each emission band corrected in terms of the luminescence
efficiency at the temperature. '
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on the emission intensities corrected in terms of temperature
dependent luminescence efficiencies. Therefore, the ratio
is supposed to represent that of concentrations of both lumi-
nescence centers.

When the relaxation probabilities of hot excitons into
( VKe )0 and ( VKe )F are written as 1/Ths and 1/Thf, respec-
tively, the intensity ratio can be expressed, using eq.(3.4.2),
as follows;

(Img do _ Nqa/The  »

vV C
(1)

(3.4.4)

Na
o nc/Ths

where N A and n, are the quantum efficiencies of A and o
emissions, respectively.

It is clear that the ratioc at 80 K is smaller than that
at 6 K. This reduction is considered to come from that of
1/Thf: Karasawa and Hira126) have shown that the formation
yield of ( VKe )F at 80 K is reduced to about a half of
that at 6 K in KBr.

*Taking the decrease of n[VKe]P into account, the value
of V at 80 K becomes nearly equal to the value at 6 K. This
indicates that V* hardly depends on temperature.

Based upon these results for V*, it can be concluded
that the V* in KBr crystals hardly depends on the temperature
from 6 K and 80 K. This conclusion may rule out the possi-
bility that the mobility of an exciton in the exciton-impurity
interaction originates from thermally induced motion of self-
trapped exciton. It appears to favor that the motion of
( VKe )F has adiabatic nature.
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[ 3-5 ]

FORMATION OF ( VKe )A BETWEEN 1.7 AND 80 K IN KBr AND KC1

Behaviour of ( er )F between 1.7 K and 80 K have been
studied by means of measurement of the formation yield of

( VKe )A in KBr and KClcrystals. It has been clearly shown
that the formation yield of ( VKe )F is constant below

4.2 K and decreases above 25 K, as concluded by Karasawa
and Hirai. Dissociation probability of ( VKe )F into

F-H pair is constant irrespective of temperature above 25 K,
and decrease below 4.2 K with decreasing temperature. Some

speculations on the behaviour of ( VKe )F are given

§1 Introductory Remarks

In Chap.[3-3], the electronic structure and other
important features of ( VKe )A‘has been cleared. In Chap.3-4],
the effects of the formation of ( VKe )A on other‘radiolytic
behaviours has been studied. Results of these works have
led us following important conclusions; (1) ( VKe )F is
essentially different from those states which result in
intrinsic luminescences, (2) the hot exciton splits into
these different two states not complementary but with a fixed
ratio, and (3) only ( VKe )F interacts selectively with an
alkali impurity ion to form ( Ve )A’ which reduces color-
ability.

The results obtained previous chapters give us a
possibility that one can know, to some extent, the properties
of ( VKe )F by means of measurements of behaviours of ( VKe )A.

So far, the properties of ( Vge )F has been studied
mainly by measuring colorability or the change in optical
absorption corresponding to formed F and/or H centers, Ng-

It may be clear that the np is combined with ( VKe )F
through an unknown factor which represents thedissociation
probability of ( VKe )F into F - H pair, Pp. In the case
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where PD is constant irrespective of various variables on
which the changes of ngp are measured, temperature, impurity
concentration, and so on, uls certainly represents the
behaviours of ( VKe )F. If not so, however, ng may not be
an exact observables of ( VKe )F’ though meaningful one.

On the other hand, since ( VKe )A is correlated with
( VKe )F directly as shown in Chap.[3:4], measurement of
formation yield of ( VKe )A is more powerful to know the be-
haviours of ( VKe )F when PD changes.

In this chapter, based on above results and considera-
tions, temperature-dependent behaviour of ( VKe )F is studied
by means of measurement of that of ( VKe )A between 1.7 and
80 K. First, the formation yield of ( VKe )F above 6 K is
discussed, and is to be shown that PD is constant and Np and
( VKe )A give the same information on ( VKe )F' Next, the
results below 4.2 K are considered. It will be shown that
in this temperature region, PD decreases with decreasing
temperature, whereas the formation yield of ( VKe )F is

constant. Some speculations are given based on these results.

2 Results and Discussions

( 2-1 ) The Ta emission between 6 and 80 K

Figure 3.5.1. shows the temperature dependence of the
emission intensity of the singlet and Ta emissions which were
excited by x ray. The change in intensity of singlet emis-
sion is well analyzed by the function;

ICT) = 1,01+ tovexp( - E/KT ) 31 (3.5.1)

where 1/To is the radiative transition probability, and Io

the intensity at T = 0, and E and v are constants, respective-
ly. The value of E obtained by best fit to the data is

0.025 eV which is iisentially identical to that obtained by

This behaviour of the singlet emission indicates that

Ikezawa and Kojima
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the formation yield of ( VKe )0 is not temperature-dependent,
though the luminescence efficiency depends on temperature.

On the other hand, the intensity of the Ta emission
does not show the typical quenching pattern; it decreases
gradually between 25 and 70 K, and falls off rapidly above
70 K. Recently, it has been shown that coloration suppresses
the intensity of intrinsic emissions in KI.Z) The open
circles in the figure is data point which was measured buring
warming up a sample, and the dotts are ones during cooling
down the sample. If the decrease in intensity originates in
coloration, these two types of data must show the " hystere-
sis ", since the coloration is not removed by cooling down
the sample. Thus, good agreement of two types of data points
seen in Fig3.5.1 excludes thepossibility that the decrease
is due to the coloration, and shows that the gradual decrease
in intensity is an essential phenomena.

In order to make clear the behaviour of the T emission,
the temperature dependence of the luminescence efficiency of
( VKe )Awas studied by two different methods; one is the
measurement of the decay time of the T emission, and the
other is measurement of the luminescence originated from the
recombination of VKA(Na+) centers with electrons.

In the measurement of recombination luminescence, the
sample which contains VKA centers and F centers but no VK
centers was prepared by similar treatments described in Chap.-
[3-2]. After the treatments, temperature of the sample was
cooled down to 6 K, and the luminescence under F light
illumination was measured at a given temperature. It can
be concluded that the concentration of created ( VKe )A due
to recombination for each measurement may be substantially
identical in this experiment, based on following reasons:

(1) Thermal decay of the Vya Center by warming up the
crystal up to 110 K is not active, since the decay
temperature of the center is higher (~200 K),

( 2 ) number of released electron may be essentially the
same, since the properties of the excited F center

does no change up to 100 K,S) and the intensity
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of exciting light is the same for each measurement,
( 3 ) the intensity of the F light is so weak that it
hardly bleach the F and V

of the measurements.

KA centers during a series
Thus the results of recombination luminescence may represent
the luminescence efficiency of ( VKe )A'

The intensity of recombination luminescence is almost
constant up to 70 X, then drops sharply above 70 K. This
result can be explained in terms of two competitive process
desrcibed by eq.(3.5.1).

The temperature dependence of the decay time of Ty
emission also shows the quenching pattern; the time becomes
shorter only above 70 K, whereas it remains unchanged below
the temperature. Results shown in Fig.3.5.2, therefore,
indicates that the luminescence efficiency of the ( Vge )A
follows the mnormal thermal quenching. Then it is clear
that gradual decrease of the intensity excited by x ray
between 25 and 70 K has the origin in the change of formation
yield of the ( VKe )A.

Karasawa and Hirai have shown that np in KBr decreases with
increasing temperature above 25 KQ) In Fig.3.5.3, I compared
the dependences of n[VKe]Na obtained in this study with
that of g obtained by Karasawa and Hirai. One can see that
these two quantities show the same temerature dependence.

Karasawa and Hirai have explained the decrease of Ng in
g and the yield
nr» compete with each other above 25 K, and their behav-

terms of following model. 1In their study,
3_+

of "¢,
u
iours are well represented following set of equations,
ng = (1/7pp)/ (1/7)
[1 + (rpp/typ)exp( -E/KT )17, (3.5.2)

C+(1-ng), (3.5.3)

nt
where Tgp> THT and C are constants. According to their inter-
pretation, the thermally controlled competition takes place
upon the relaxation of hot exciton; 1/TFF is relaxation
probability of hot exciton into ( VKe )F and (l/THT)exp(-E/kT)
is that into 32:, respectively, and another relaxation channel
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with a constant probability into 32; also exists.

However, another interpretation of the competition
process, therefore the meaning of constants in eqs.(3.5.1)
and 2,1s certainly possible, where the transition of re-
laxed ( VKe )F into 32; occur by thermal activation. Based
on the latter model, the formation yield of ( Ve )F is not
temperature-dependent, and the temperature-dependent Ng in
eq(5.32) corresponds to PD of ( VKe )F' Therefore, only from
the measurement of Ngs it may berimpossible to clearly show
which of two processes, the relaxation of the hot exciton or
the dissociation of ( VKe )F is temperature-dependent.

However, the results obtained here may be able to deter-
mine which process is responsible for the competition. As
discussed in Chap.[3:4] formation yield of the (VKe)A is
represented as

*
n[VKe]A = n[VKe]F v CA’ (3.4.2)

and the interaction of ( VKe )F and an impurity ion takes
place before ( VKe )F creates F - H pair, and possibly before
the transition of ( VKe )F into 32: , if*the transition is
the case. It has also been shown that V hardly depend on
temperature. Therefore the temperature dependecne of
n[VKe]A should represent the dependence of n[VKe]F. It is evi-
dent in Fig.3.5.3 that the temperature dependence of n[VKe]A
is well described by eq.(3.5.2).Thus one can safely conclude
that the formation yield of ( Ve )F itself is temperature
dependent. And the agreement of the behaviours of

n[VKe]A and g indicates that PD is constant above 6 K.

( 22 ) The Ta emission below 4.2 K

( VKe )A and g behaves with same way above 6 K, as

D is
constant irrespective of the temperature in this resion.

discussed previous section. This indicates that P

Karasawa and Hirai have measured the formation yield of the
F center below 4.2 K, and found that it decreases with
decreasing temperature§) They have argued this phenomena

in terms of Toyozawa model on the F center formation,6)
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and reached the conclusion that the decrease has its origin
in the decrease of PD owing to the potential bariour at the
dissociation process. However, the evience that ( Vge )F

is constantly formed below 4.2 K is absent in their work, and
alternative possibility of the decrease of Ng» i.e. the
decrease of the formation yield of ( VKe )F itself is the
origin in the decrease in Ng» survives yet. It 1is therefore,
very meaningful to measure the formation yield of ( Ve )A,
since it directly represents the yield of ( VKe )F'

Figs.3.5.4 and 5 show temperature dependence of lumines-
cence yield of ui emission in KC1 and in KBr, respectively.
Figures also involves N which is obtained by Karasawa and
Hirai. The luminescence yields of intrinsic luminescences
are almost constant, as shown by them. Results shown in
the figures indicate that the formation yield of ( VKe )A
, or ( VKe )P’ is constant below 4.2 K. Therefore, it is
evident that the decrease of ny below 4.2 K is due to the
decrease of PD, as concluded by Karasawa and Hirai.

This behaviour of ( VKe )F is very interesting. How is
the energy of ( VKe )F exhausted at low temperature?

It is generally acceptable that that ( VKe )F is a higher
excited state of STE. Bradford et al. have shown that time cons-
tant of the F center formation is 11 p sec in Kc1./)

This means that ( VKe )F is coupled with phonons very poorly,
or the stokes shift of ( VKe )F is very small. Such a
greater energy gap between ( VKe )F and the ground state of
STE may make the non-radiative decay of ( VKe )F in terms of
phonon creation less probable. However, the constancy of
the luminescence yield of ¢ or 7 emission in KBr as well as
in KC1 below 4.2 K indicates that the energy of ( VKe )F

is not spent in terms of intrinsic luminescence.

Recently, Lushchik et al. have observed " edge emission "
in alkali iodides at low temperatureg) Such a emission might
be correlated with the radiative decay of ( VKe )F’ though
they have assigned it to be the radiative decay of mobile
one-center type excitons. The detailed study on the edge
luminescence below 4.2 K may give useful and interesting

informations on the relaxation of a exciton.
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[ 3:6 ]

EXCITON - Li® ION INTERACTION IN NaCl CRYSTALS

Effects of Li’ impurity ion on the behaviour of excitons
in NaCl crystals have been studied by means of measure-
ments of optical absorption and emission due to pulse
electron irradiation as well as conventional x-ray
irradiation. The ( VKe )Li is formed at 80 K as is

formed in KBr and in KCi. ( VKe )Li has a radiative
lifetime of 2.8 X 10-4 sec, and this is quenched thermal-
ly above 150 K with typical quenching pattern. The

peak energy of the emission band in 3.32 eV. The ( VKe )Li
has the similar transient absorption band at 2.14 eV

as that of 3

Z: . These properties have been briefly
discussed. The formation of the ( er )Li in NaCl is
temperature dependent, and the mechanism is described
well in terms of hopping motion of the lowest triplet
state of STE. Li' ions give no effects on formation
yield of the F center as well as luminescent phenomena
at 6 K. This essentially different behaviour of Li”
impurity ions in this salt from that in KBr has been
discussed in connection with the defect formation

mechanism.

1 Introductory Remarks

The effects of alkali impurities on the relaxation of
an exciton in KBr and KC1l crystals have been studied in the
previous chapters. Alkali impurity ions having smaller ionic
radii in these salts suppress the colorability in terms of
the formation of ( VKe )A which spends the energy radiative-
ly. The intrinsic luminescence or the exciton states res-
ponsible for the radiations are not affected by the ions.
The formation of ( VKe )A takes place through the selective
interaction between ( VKe )F and the ions, and the interac-
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tion volume hardly depends on temperature.
These crystals studied above show higher F center for-
mation efficiency at low temperature, and very short time

constant of the F-center formation ( <10'9 1,2 )

sec ).
Therefore, these do not belong to the materials Pooley mecha-
nism was applicable.3

It has been shown that the radiolytic behaviours of the
NaCl crystal at low temperature are significantly different
from those of KBr and KC1.3’4)

yield of the F center is very small at temperatures near

For example, the formation

liquid helium temperature, and it increases with increasing
temperature, which is in reverse to that of KBr and KC1.3)
These differences may suggest that the properties and/or
behaviours of excitons in NaCl are different comparing with
those in KBr and KC1.

Thus, it is interesting and meaningful to study the
properties of an exciton in NaCl crystals with the same
method that was applied to KBr and KCl. In this chapter,
radiolytic behaviours in NaCl has been investigated in terms

. . L+ 3 3
of internal perturbation due to Li impurity ion.

§2 Experimental Results

( 2-1 ) Luminescence and F-center formation by
x-ray irradiation at low temperature

The x-ray excited emission spectrum of NaCl:Li(1.2 mol$%)
at 6 K is compared with that of pure NaCl in Fig.3.6.1. There
are no differences in the spectra within the 1limit of experi-
mental resolution, and the supplementary emission bands relat-
ed to Li’ ion are not observable at 6 K in this salt.

Figure 3.6.2 shows the Li’-concentraion dependence of
the intensity of excitonic luminescence and the yield of
the F center at 6 K. At this temperature, the yield of the
F center as well as luminescence intensity is almost con-
stant irrespective of the Li* concentration up to 1.2 mol%,
which is the very contrast to the results in KBr:Na and
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5)

Though the formation yield of the F center is not affect-

others.

ed by Li® ions, absorption spectrum at the H-band region 1is
affected; the optical density of the H band, peaking at

3.86 eV, decreases, whereas that of another absorption band
at 3.30 eV increases with increasing Li* concentration. This
change is supposed to be due to the formation of HA(Li+) cen-
ters.

These results suggest that the interaction between an
exciton and the impurity ion seen in KBr or KC1 does not
take place in NaCl at 6K, although the interstitial atom
interacts with impurity ions attractively.

Figure 3.6.3 shows the x-ray excited emission spectra
of pure NaCl and of NaCl:Li(0.48 mol%) at 80 XK. Presence
of Li” impurity results in the increase in emission intensity
at the region of m-emission band and in the shift of peak
position to longer wavelength side.

In Fig.3.6.4, the intensities of emission bands are
plotted against Li" concentration. The intensity of the band
around 3.4 eV increases with increasing the impurity concent-
ration, whereas that of o-emission band does not change.

Thus the Li® ion affects the luminescence at 80 K, though
it hardly does at 6 K.

The band at about 3.4 eV in all NaCl:Li crystals used
in this study can be resolved into two gaussians; one is the
triplet emission band at 3.4 eV and the other is the band
situated at 3.32 eV with the halfwidth of 0.76 eV.

( 2-2 ) Measurements by pulse-electron irradiation

For clearer understanding of the Li* effects in NaC1l,
pulse electron irradiation was employed. First, in order
to prove above divisions of emission band at about 3.4 eV
meaningful, measurement was made on the time-resolved emis-
sion spectrum of NaCl:Li.

Typical example of the decay curve of NaCl:Li above
80 K is shown in Fig.3.6.5. Pure NaCl has only one com-
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ponent whose decay time is 1.0 X 10°% sec at 110 K in this
spectral region, whereas NaCl:Li has another one of 2.5 X
10°% sec together with the same one of pure NaCl.

This slow component is characteristic to Li* impurity
ion; the relative ratio of the emission intensity at t = 0
to that of fast component increases with increasing Li* con-
centration.

Figure 3.6.6 indicates the time-resolved emission spectra
of a NaCl crystal. Two peaks shareing different decay time
are clearly separable, and these band shapes are essentially
the same as those obtained by Gaussian separation of x-ray
excited spectra. '

The emission band, peaking at 3.40 eV and having the
decay time of 1.0 X 10 %sec at 110 K, is due to the lowest
triplet state of STE, since the peak position and the decay
time are identical with those obtained by other workers.6’7)
The band at 3.32 eV with decay time of 2.5 X 1074 sec at
110 K is tentatively assigned to be due to ( VKe )Li in
NaCl, based on the impurity-concentration dependence of the
emission intensity.

As discussed in Chap.[3-3], the relaxed exciton trapped
by an alkali impurity in alkali halides, possesses the char-
acteristic absorption bands corresponding to higher excited
states, the higher quenching temperature of the decay time,
and so on. In order to confirm the assignment that the 3.32
eV emission band is due to ( VKe )Li’ temperature dependence
of decay time, 1, and the transient optical absorption bands
were measured. ‘

Figure 3.6.7 shows the result of temperature dependence
of 7, and Fig.3.6.8 indicates the transient absorption spec-
trum shareing the same decay time of the 3.32-eV emission
band at 80 K.

The decay time of 3.32 eV-emission band quenches thermal-
ly above 150 K this temperature dependence of T is well
analysed by the well known equation; 1/t = l/T0 + vexp (-E/kT).
The best fit of pertaining data points is obtained when the

values of E and v are 0.22 eV and 1.5 X 1010 sec‘l, respec-
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tively. The obtained activation energy for thermal quench-
ing is more than two times larger, and the value of the fre-
quency factor is about two orders of magnitude samller, than
those of 32; in NaCl.6)
similar to those of ( Ve )A in KBr crystals.

Transient absorption spectrum shown in Fig.3.6.8 is

similar to that of 32; in NaCl obtained by Fuller et al.(

08)

These changes in E and v are very

broken line in the figure ) This result is a powerful
evidence that the 3.32-eV emission band is due to the lowest
triplet state of ( VKe )Li‘ The main absorption band of
( VKe )Li has the peak energy of 2.14 eV at 80 K. It is
clear that the absorption energy of ( Vge i in NaCl shows
the blue shift, whereas that of ( VKe )Na in KBr shows red

shift.

( 23 ) The formation yield of ( VKe )Li from 6K
to 90 K

Above results clearly show that the ( VKe )Li system 1is
also formed in NaCl crystals, at least at 80 K. As mentioned
in ( 2*1 ), however, no significant changes originated from
the Li* ion in the luminescent phenomena were observed at 6 K.
The peak energy of the emission band of ( VKe )Li in NaCl shows
slight red shift from the peak position of m-emission band,
which makes us difficult to clearly show that no ( VKe )Li
are formed or not at 6 K, from the spectral resolution only.

The luminescence yield of m-emission region at 80 K is
reduced to 15% of that at 6 K in pure crystal. On the other
hand, the reduction is suppressed and about 2/5 are survives
at 80 K in NaCl:Li(1.2 mol%). Such a temperature-resistive
emission intensity may come from the formation of ( VKe )Li
in samples containing Li’ ions.

From the results, one can expect that the contribution
of ( VKe )Li to the emission intensity at the band region is
as much as 25% of the luminescence yield at 6 K, if ( VKe )Li
is formed at the temperature as is formed in KBr crystals.
Therefore, the increase in emission intensity may be fully
detectable at 6 K.
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The constancy of the emission intensity shown in Fig.3.6.2
rules out the possibility that the ( Vge )Li is formed, from
the same mechanism as that in XBr at 6 K in NacCl.

Thus it appears that the Li*-effects on exciton behaviour
is temperature-dependent in NaCl crystals. To make the pro-
blem clear, temperature dependence of formation yield of
( VKe )Li was measured by pulse irradiation experiments.

In a decay curve of an emission intensity, the intensity
at t = 0, (I)O, should be in proportion to the concentration
of a luminescence center populated by a pulse at any tempera-
ture. One can, therefore, estimate the formation yield of a
center when measurements are made on (I)O.

In Fig.3.6.9 are shown results of such measurements on
pure NaCl and a NaCl:Li( 1.2 mol% ). Closed circles in the
figure are the intensities of 7 emission of a pure crystal,

( Iﬂ)O' One can see that the intensity is constant at the tem-
peratures, which indicates that the formation yield of 32: of
an exciton remains unchanged irrespective of change in tempera-
ture. This result is the same as that obtained by Karasawa

7)

L -
Li ions decreases at the temperature region where 1 decreases

and Hirai. However, the ( Iﬂ)o_in the sample containing
owing to thermal quenching. The open circle in Fig.3.6.9 1is
the ratio of the intensity of ( VKe )Li’ ( ITTA )0 to that of

32;. It is evident that the formation yield of ( VKe )Li

relative to that of 32: increases with increasing temperature,
compensating the decrease of ( I, )O. ‘

This behaviour of ( VKe )A in NaCl is essentially differ-
ent from the temperature dependence of formation yield of
( VKe )Na in KBr discussed in Chaps.[3-4] and [3:5]. Thus a
different mechanism in exciton interaction with an alkali
impurity ion may be responsible for the formation of ( VKe )Li
in NaCl crystals.
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§3 Discussions

( 3-1 ) Electronic structure of ( VKe )Li in NaC1l

First the properties of ( VKe )Li are discussed. It has
been identified that the 3.32 eV emission band in NaCl:Li is
due to the radiative decay of ( VKe )Li' From its slow radi-
ative lifetime of 2.8 X 10'4 sec, and the transient absorp-
tion spectrum silimar to that of 32;, it is apparent that
the initial state is a triplet state. ( VKe )A in KBr has
no o-polarized emission band as shown in Chap.34].The constan-
cy in the emission intensity and in the band shape of singlet
emission band in NaCl:Li crystals, as shown in Figs.36.3 and 4,
suggest that also ( VKe )Li in NaCl has no singlet emission
band, whereas ( VKe ) in NaCl has both.

The quenching energy and frequency factor of ( VKe )Li
for thermal quenching of its decay time change from those
of 32; with the same way as the corresponding ones of (VKe)A
in KBr do. ‘

However, it should be noticed that the shift of peak
energy of emission of of absorption spectrum of ( VKe )Li in
NaCl is qualitatively different from that of ( VKe )A in KBr:
The energy of emission band shows a little red shift whereas
that of absorption band shows a blue shift, which is reverse
of those shifts of ( VKe )A in KBr. Since lattice distortions
surrounding substituted Li' ion is about the same degree as
ones due to Na' ion in KBr, according to the calculation of
%) the different pattern of peak shifts between
( VKe )Li in NaCl and ( VKe )A in KBr may be due to other
changes which impurity ions introduce.

Douglus,

Possible one concerns the change in energy levels of
lowest unoccupied orbitals of alkali ions. As discussed pre-
viously, s orbitals of alkali ions closest to a XZ' plays
an important role for electronic states of an excitont0) Ac-
cording to the calculation with the Hartee-Fock-Slater model

( Xo method ) calculation, both 2s of Li* and 3s of Na¥ have
lower eigen valuds than that of K, though 2s of Li’ has

higher one than that of 3s of Na+( see Chap.[3-3] ). 1In the

- 139 -


















































































































































































































































































































































































































































































































































































































