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Two thallium atom defects of tetragonal symmetry around (100) are produced by x irradia-
tion above 230 K in KCLTICI. Their electron-spin-resonance spectra are characterized by com-
parable and large g shifts but quite different hyperfine parameters. A relativistic many-body cal-
culation of the T1% atom hyperfine interaction including the effect of a tetragonal crystal field
permits a quantitative analysis of the spin-Hamiltonian parameters. It is found in particular that
the hyperfine data of the two T1° defects can be explained by assuming the presence of one or
two perturbing positive charges, respectively, and a corresponding 35 and 45% delocalization of
the 6p! electron on the surrounding lattice. This analysis together with x-ray production,
optical-excitation, and pulse-anneal data and the fact that both T1° defects can only be produced
at temperatures where negative-ion vacancies are mobile (>230 K) allows one to propose pre-
cise defect structures: In one defect the T1° atom (on a positive-ion site) is associated with a
single negative-ion vacancy in a nearest-neighbor position along (100); in the other one, the TI?
is flanked by two nearest-neighbor negative-ion vacancies along (100). The data also provide
strong evidence for the existence of a defect consisting of a T1* ion and a nearest-neighbor

anion vacancy.

I. INTRODUCTION

The TI*(652) ion is one of a series of ns?
(n=4,5,6) ions which when incorporated in an al-
kali halide crystal acts as a very good trap for elec-
trons.! These impurity ions are routinely grown into
the alkali halides in order to enhance both the rate of
formation and the final concentration of the self-
trapped-hole centers when the crystal is irradiated at
low temperatures with ionizing radiation x, y rays, or
electrons). The mobile electrons thus produced are
quickly trapped by the substitutional T1* impurities
forming the paramagnetic TI’(6s%6p') defects occupy-
ing unperturbed positive-ion sites. The rapid trapping
inhibits the recombination with the simultaneously
produced positive holes which are self-trapped as
(110) oriented (halogen),~ centers.>™* This unper-
turbed T1° atom defect on a positive-ion site will be
called the “‘primary T1°(0)*’ defect in this paper.

There is no doubt, e.g., from optical-absorption
and luminescence experiments,!>¢ that the primary
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TI°(0) center exists, but extensive searches have so
far failed to yield its electron-spin-resonance (ESR)
spectrum, this in spite of the fact that the ESR spec-
tra of the isoelectronic species Sn*(5p'),7 In®(5pt),
and Ga%(4p') have been readily observed.?®

In the course of a systematic investigation of the
KCI:TI* system we have found that ionizing radiation
produces above 230 K several other types of TI de-
fects whose ESR spectra are easily observable at low
temperatures.'®!! Two prominent TI® ESR spectra
both of which possess axial symmetry around (100)
are the subject of this experimental and theoretical
investigation.

The paper is organized as follows. In Sec. III the
analysis of the two TI® ESR spectra is presented. The
observed g shifts are quite large but comparable for
both centers. The hyperfine (hf) interactions with
the thallium nuclei are also large but quantitatively
and qualitatively quite different for the two TI® de-
fects. Although the ESR data are by themselves in-
sufficient to determine the defect structures, the
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models for the two TI° defects are already presented
in Sec. IV in order to facilitate the discussion in the
remainder of the paper. Simple arguments are inade-
quate to explain the difference in hf behavior. Sec-
tion V presents, therefore, a relativistic many-body
calculation of the hf interaction and the g com-
ponents of the TI® atom both in the free state and in
a crystal field of tetragonal symmetry. This is fol-
lowed in the same section by a discussion of the fit-
ting of the calculations to the experimental g and hf
data and by a discussion of the linewidth. Finally, in
Sec. VI the x-ray production and thermal data are
presented as well as optical F-center excitation experi-
ments. These data together with the analysis of Sec.
V fully confirm the models for the TI° defects
presented in Sec. IV.

II. EXPERIMENTAL

Several KCI:TICI crystals were used in this investi-
gation. Some were grown in air by the Kyropoulos
method from a melt to which typically about 2 mol%
of TICl was added. An estimate of the actual concen-
tration in the crystal using the height of the Tl ab-
sorption band at 247 nm yielded! approximately
0.8 x 1072 mol%. In order to check the possible in-
fluence of oxygen impurities on our results two crys-
tals were grown by the Bridgman technique, one in
vacuum and the other in a Cl, atmosphere in quartz
ampoules. Suprapure KCl (Merck) and pure TICI
(UCB) were used as starting materials. A similar es-
timate of the T1* concentrations yielded 2.2 x 1072
mol% and 1.5 x 1072 mol %, respectively. Because
the properties of the thallium centers reported in the
present paper were similar in all crystals, no further
references will be made concerning the growth histo-
ry of samples. The samples were x irradiated at tem-
peratures between 77 and 320 K using a Siemens

tube with tungsten target (usual settings: 50 kV, 50
mA) and a variable temperature setup described ear-
lier.!? This setup was also used for pulse-anneal
measurements between 200 and 320 K. For pulse
anneals to higher temperatures a small temperature
stabilized furnace was used. A filter composed of a
1-mm-thin fused-silica plate with a thin aluminum
foil wrapped around it was inserted between the sam-
ple and the x-ray source in order to absorb the soft x
rays.

Before x irradiation the samples were routinely
warmed up to about 400 °C for several minutes and
then cooled down to room temperature (RT).

The experimental details of the ESR instrumenta-
tion have been given elsewhere.'? It permits mea-
surements at X-band frequencies at temperatures
ranging from 10 K to RT.

Optical-absorption measurements were performed
on a Cary 14R spectrophotometer equipped with an
optical variable temperature cryostat operating
between 400 and 77 K.

Selective bleaching of the samples was done at
various temperatures in the ESR microwave cavity!?
and also in the optical cryostat. In both cases, mono-
chromatic radiation at various wavelengths was pro-
vided by a Bausch and Lomb high intensity mono-
chromator equipped with a 300-nm blaze grating to-
gether with corresponding interference or cutoff
filters to avoid possible stray light effects. As a light
source, use was made of a SP200 high-pressure mer-
cury lamp for the uv region and a 50-W halogen lamp
for the visible and ir region. Optical bleaching with
linearly polarized light was performed in the
300—900-nm range.

All handling of samples at RT was performed in
the dark. During the time the temperature of sam-
ples was below 200 K a ambient red illumination of
low intensity was employed.

TABLE 1. ESR parameters of the 295TI°(1) and 205T1%(2) defects in KCI: TICl at (a) 14 K and (b) 65 K. The hf parameters

and the reduced linewidths AH are given in mT.

Defect & & Ay Ay AH
(100) (100)

TI°(1) (a) 1.3077 1.7892 201.1 3722 2.7
+0.0005 +0.0007 +0.2 +0.4

(b) 1.293 1.781 208.1 373.3 2.7

+0.001 +0.001 +0.3 +0.5 :

TI°(2) (a) 1.4822 1.8694 415.6 113.8 0.75
+0.0004 40.0007 +0.2 +0.1

(b) 1.4734 1.8661 414.3 120.1 0.75
+0.0004 +0.0004 £0.1 +0.1
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_FIG. 1. ESR spectra of TI%(1) and TI°(2) in KCLTICI measured at 42 K after 30 min of x irradiation at RT with (a)
H 11 (100), and (b) H11 (110). (c) The calculated angular variation in a {100} plane of the ESR spectra of TI°(1) and TI°(2), in-

dicated by (——) and (———), respectively. The horizontal bars indicate the transition probabilities for TI°(2). The intensity
variation of the TI°(1) lines is small and is not indicated on the figure.
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III. ANALYSIS OF THE ESR SPECTRA
A. Production, nomenclature, and description

The properties of two thallium defects, further
called TI°(1) and TI°(2) wil be discussed. Their ESR
spectra can be observed at —~10 K after a short (~15
min) x irradiation at RT of T1*-doped KClI crystals.
Sometimes, stronger signals can be obtained by a
subsequent bleaching in the F band (see Sec. VI).
The ESR lines occur between 0.07 and 0.7 T. The
width of the lines is the most obvious feature distin-
guishing the T1°(1) and TI°(2) spectra, being about 4
and 1 mT, respectively. The experimentally observed
linewidths are equal to (g¢/g)AH, where AH is the
true inhomogeneous or reduced width of the ESR
line (see Table I). ‘

An angular variation study of the ESR spectra,
shows that they both possess axial symmetry around
a (100) crystal direction. Spectra are shown in Figs.
1(a) and 1(b) for the external static magnetic field H
oriented along (100) and (110), respectively. The_
ESR lines are labeled by the polar angle 6 between H
and the symmetry axis z || (100) of each defect. In
the case of TI°(1) one can recognize in Fig. 1 pairs of
corresponding high- and low-field transitions originat-
ing from a strong hyperfine (hf) coupling between
the electron spin and a single nuclear spin / =%
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FIG. 2. Schematic representation in a {100} plane of (a)
the TI° (1) and (b) the TI°(2) defect, involving one and two
anion vacancies, respectively. (c) Model of the primary
TI1°(0) center; (d) proposed model of T1*(1), the precursor
of TI°(1) under electron trapping.

(both stable thallium isotopes, 2°T1.and 2°°T1, possess
nuclear spin %). The structure of the T1°(2) spectra
in Fig. 2 is less transparent than that of the T1°(1)
spectra. Nevertheless, in both cases a S = % spin
Hamiltonian, including strong anisotropic hf coupling
with a single spin / =% nucleus, describes the posi-
tions and intensities of the ESR lines (see Sec. 111 B).
Some of the ESR lines are split in a stronger and a
weaker component corresponding to the thallium iso-
topes 29°T1 (70 at.% abundant) and 2°°T1 (30 at. %
abundant), which have nearly equal magnetic mo-
ments (¥, =1.6274 and 2y, =1.6115 nuclear
magnetons'®). In none of the resonance lines could
a superhyperfine (shf) structure be observed, even at
the lowest obtainable temperature (7 =8 K) and at
low modulation of the static magnetic field
(~1072mT). All of the line positions are strongly
temperature dependent as illustrated by shifts of the
order of 10 mT between 10 and 100 K. The
linewidths are virtually independent of the tempera-
ture and hence it is concluded that if these T1° de-
fects possess an internal motion in this temperature
region it is too slow to affect the ESR spectra. Only
below 7 =15 K was a weak saturation of the ESR
lines observed at full microwave power (~200 mW).

B. Spin-Hamiltonian analysis

The ESR spectra of the TI°(1) and TI°(2) defects
are described by the following spin Hamiltonian (usu-
al notation)

X _ Lo (1S, +H,S,) +gH,S.]
8oms 8o

+ASd +8,1,) + A4S, 1, 1)

with § =—;- and / =%. g, and gy are principal values

of the E tensor perpendicular and parallel to the de-
fect symmetry axis z Il (100); 4, and A4, are the cor-
responding principal values of the hf tensor. For
TI°(1) the zero-field splittings resulting from the hf
interaction are smaller than the microwave energy.
Consequently one observes in Fig. 1 high-field and
low-field transitions analogous to the ‘‘allowed’’ ESR
transitions of a system with weak hf coupling. This is
not so for T1°(2) for which qualitatively quite dif-
ferent ESR spectra are observed. Only three allowed
transitions exist for §=0° or 90°, as is shown in Fig.
1(a). However, at about 0.35 T a transition, forbid-
den when 6=0°, becomes progressively allowed
when H is rotated away from the (100) direction.
The ESR line positions and intensities were calcu-
lated by a numerical computer diagonalization of
spin-Hamiltonian Eq. (1) and compared with the ex-
perimental position. The g and the hf parameters of
TI°(1) and TI°(2) resulting from a least-squares-
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fitting procedure of the line positions measured with
H 11 (100) and (110), are quoted in Table I for the
most abundant isotope 2°Tl, and from measurements
at 14 and 65 K. The calculated and experimental po-
sitions of the ESR lines with H Il (100) and

H 11 (110) agree to within 0.2 mT for TI°(1), and to
within 0.4 mT for T1°(2). The thallium isotope shifts
of the ESR lines were calculated, taking the 2Tl hf
parameters to be 2%/ uy times those of 205Tl.
The calculated shifts were found to be smaller than
the linewidth in all cases where no isotope splitting
was observable, and agreed with the measured split-
ting for the other lines. In Fig. 1(c) a calculated an-
gular variation in a {100} plane is shown for both de-
fects including the intensity of the T1°(2) resonance
lines, indicated by a horizontal bar. The measured
and calculated relative line intensities are sufficiently
close to each other, considering the difficulties in-
volved with intensity measurements over such a large
magnetic field region.

C. Atomic character of the thallium centers

From the doublet hf structure of the T1°(1) and
TI°(2) ESR spectra we concluded already that only
one thallium nucleus is present in each of the de-
fects. A priori the paramagnetic species most prob-
able to occur are T1**, T1°, T1~, and maybe T1*~, For
the latter two, a change of the thallium to a
negative-ion site must have occurred. TI** centers in
KCI have been thoroughly studied.""!* They are
characterized by a S ground state resulting in isotro-
pic ESR spectra exhibiting strong hf coupling
[4 (T1>*) =3.775 T] and resolved shf interaction with
the surrounding halogen ions. None of these proper-
ties are observed for the present defects. A T1~™
center with a 6p? ground-state configuration would
exhibit an effective spin § =0 or 1 and it would not
be possible to fit the ESR spectra to a S = % spin

Hamiltonian. Finally for TI*~(6p°) one would expect
a S ground state, as was found for Sn=(5p3) centers
in KCL!? In this case a tetragonal crystal-field term
must be included in the spin Hamiltonian, and for
high strengths of this term one can describe the ESR
spectra originating from the ground Kramers doublet
by an effective S =% formalism. However, the ef-

fective g values are then found to be g;,=2 and
g1=4, or g,=6 and g, =0 depending on the sign of
the crystal field. Such g factors are not observed
here. So we are led to the T1°(6p') hypothesis by ex-
clusion. The g and hf parameters of T1°(1) and
T1°(2) are compatible with this identification as will
be shown exhaustively in the next section.

Yet a quick qualitative argument supporting the
thallium atom identification can already be given.
The TI°(6p"') ground configuration is isoelectronic
with Sn*(5p!) whose ESR parameters in KCI have

been determined.” The Sn™ (tetrag) center in x-
irradiated KC1:Sn?* exhibits tetragonal symmetry
around (100) and possesses the following g values:
g1=1.8952 and g, =1.6494. In the TI° center the g
values should behave similarly except that the g
shifts are expected to be substantially larger because
the thallium atom spin-orbit coupling parameter'’
[A(TI?) =5100 cm™'] is larger than the correspond-
ing Sn* parameter’ [A(Sn*) = 2800 cm™!]. This is
indeed observed (see Table I) strongly supporting the
T1°(6p') atom assignment.

The hf parameters of TI°(1) and TI°(2) are aniso-
tropic and of the same order of magnitude. Howev-
er, large differences exist in the values of 4, and 4,
for the two defects, and especially the inversion of
the magnitudes of these two quantities going from
TI°(1) to TI°(2) is hard to explain with a simple ar-
gument. In Sec. V a relativistic many-body calcula-
tion is presented of the hf interaction of a thallium
atom in a strong tetragonal electrostatic potential,
which represents the crystalline field present in the
T1°(1) and TI°(2) centers. It is then possible to ac-
count qualitatively and quantitatively for both the g
and the hf parameters of the two TI® defects.

IV. MODELS FOR THE T1°(1) AND T1°(2) CENTERS

The discussion at the end of the previous section
indicates that the essential constituent of both the
TI°(1) and the TI°(2) center is a thallium atom, but
the ESR data presented so far do not permit an
unambiguous determination of the precise defect
structures. Yet one can make a good guess at this
point if one takes into account the following observa-
tions: (i) the axial symmetry of the ESR spectra
around (100) points to the tetragonal symmetry of
the two TI° defects around (100); (i) TI°(1) and
TI’(2) are not created by x irradiation at, say, 77 K
where the primary TI°(0) defect is produced; (iii) the
two TI® defects are produced by x irradiation at and
above 230 K, room temperature in particular (see
Sec. VIB).

Because above 230 K the negative-ion vacancies
produced by the x irradiation are very mobile,!? the
last observation strongly points to defect structures
for TI°(1) and TI°(2) involving one or more
negative-ion vacancies. Figures 2(a) and 2(b) give
the precise models that we propose for the T1°(1)
and T1°(2) centers. In TI°(1) a TI° atom on a
positive-ion site is associated with a single negative-
ion vacancy along (100). In T1°(2) a T1° atom is
flanked by two negative-ion vacancies along (100).
In Fig. 2(c) the well-established model for the pri-
mary TI°(0) center! is also presented. As a
mnemonic aid, one notes that in the notation TI°(0),
TI°(1), and TI°(2) the number between brackets may
be looked upon as giving the number of negative-ion
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vacancies involved in the defect.

The models presented in Fig. 2 are strongly sup-
ported by the analysis and data presented in the fol-
lowing two sections. We give the models already at
this stage in order to facilitate the discussions in the
remainder of the paper. Briefly, in Sec. V it is shown
that both the qualitative and quantitative features of
the hf structure can be understood if the TI® atoms
are experiencing crystal fields of the symmetry, sign,
and magnitude implied by the models of Figs. 2(a)
and 2(b). The thermal, optical, and x-ray production
data presented in Sec. VI are also explained in a nat-
ural way by the proposed models.

V. CALCULATION OF THE SPIN-HAMILTONIAN
PARAMETERS OF THE THALLIUM ATOM CENTERS

The experimental results for the two T1°(6p!)
centers in KCI point to a strong influence on the
spin-Hamiltonian parameters of the electric field pro-
duced by one or more defects (vacancies) in the im-
mediate neighborhood of the thallium atom. Our ap-
proach will be to add to the free atom Hamiltonian a
strong electrostatic potential term consisting of a first
degree and a second degree part with angular depen-
dences C§! (8) =cosf and C§? (9) = %(3 cos?9—1),
respectively (the polar angle 6 is taken at the thallium
nucleus). These are the only terms that need to be

-considered in the expansion of a tetragonal crystal
field because we will be calculating its effect only
between p orbitals, between s and p orbitals, and
between s and d orbitals.

Starting with the main interaction mechanisms
responsible for the hf interaction of the free atom,
the modifications induced by the tetragonal potential
are analyzed. The relativistic many-body perturbation
procedure presented earlier'® (and applied to several
atomic systems!’"'%) is outlined briefly and its appli-
cation to the TI° centers is extensively discussed:

It is worthwhile to point out that the results con-
cerning the g factors obtained in this section can also
be found in a one-electron nonrelativistic treatment.
In that case the tetragonal field and the spin-orbit in-
teraction must be diagonalized within the 6p states.
The usual Zeeman Hamiltonian is then evaluated
within the resulting ground doublet.

A. Outline of the many-body approach

Using the restricted relativistic Hartree-Fock (HF)
method the one-electron orbitals of the ground con-
figurations (6s26p;/, and 65%6p3),) of the thallium
atom are calculated with Coulthard’s method.?® In
the next step the so-called ¥*~! model Hamiltoni-
an,?! designated here by H,, is constructed in order
to generate a set of realistic excited orbitals. This is

done by one-electron excitations from an orbital of
the ground configuration which is chosen, if possible,
according to the /and j values of the excited orbital
to be obtained. Exciting from 6p;/, and 6p;, yields
the excited kpy/, and kpsj, orbitals (k > 6), respec-
tively. In the same way the kd and kf functions are
obtained from 5d and 4f excitations with correspond-
ing. j values. The kg7, orbital was calculated from a
6p1/, excitation. Bound-state solutions up to k =12
were calculated as well as fifteen continuum solutions
belonging to appropriate wave numbers.

The 6p,/, and 6p;, states of the ground configura-
tion (6p!) are now improved by a perturbation treat-
ment using the set of all many-electron states that
can be constructed from the ground and excited orbi-
tals described above. The difference AI =3 —3C,
between the actual free atom Hamiltonian, 3C, and
the model Hamiltonian, 3Cy, is the perturbation Ham-
iltonian. The effect of the inclusion of one-electron
excitations only is very similar to the unrestricted
relativistic HF results. Pair excitations are also con-
sidered; they describe the correlation effects.

The one-electron Dirac orbitals are chosen to have
the form:

P"i') Xym+(6, &)

(Dlsjm = . 2)
2 Xim—(6, &)

P;(r) and Q,(r) are the large- and small-component
radial functions. X, + represent the /s-coupled eigen-
functions of 'f and j,, where the (+) signs stand for
(1,5)j coupling, and the (—) signs stands for either

(I +1,s)jor (I —1,s)j coupling depending on wheth-
erj=1 +% or /| — %, respectively.

B. Magnetic hf interaction of the free TI°

The magnetic hf interaction Hamiltonian, describ-
ing both the dipole-dipole and the contact contribu-
tions is given by

81
JChf= zhh[(l) , (33)

=1
in which each one-electron Hamiltonian has the form

hnFLL";x__r_l , (3b)
2¢ r

where for simplicity the summation symbol on o’
(the four-dimensional Dirac velocity operator) and T
(the position vector of each electron) has been delet-
ed. Energies are calculated in Hartree units (27.2
eV) where ¢ =137.036 is the inverse of the fine
structure constant. ;= u;( T/I) is the magnetic
moment of the thallium nucleus, both isotopes of
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which possesses a nuclear spin [ = %, and
205,,=8.863 x 10~ Bohr magnetons (uz) and
203,,=8.776 x 10~*uz. In the present units
Hp = 1/2(‘

By writing out in detail the expressions (3a) and
(3b) it is straightforward to derive explicit formulas
for the matrix elements (jm|hy|j'm’) of hy between
the Dirac orbitals. In Ref. 16 the diagonal elements
are given. Therefore only the following nondiagonal
ones are presented here (the components of T are
still to be evaluated):

<J m +1|hhfijlm> =—iRj:i'Aj’j"’+1m , (4)
with
R, = [ B(N0, (N +P (DO , (5)

2012 —(m -f%)zll/2 L—il,

Am,+lm= =L 6
B 412 -1 1 2c ©
for
Lj=1-1/2, j=j U'=1,
=2i(+DIU+1)2=(m +3)
Am'+1m=
W (21+1)(21+3)
lx—ily 2 (
STy 7)
% 1 2¢
for
J=1+1/2, j'=j I'=1,
i[(] — _1ynn )
im0 =T ity ®)
b 4/ +2 I 2
for
j=1-1/2, j'=1+1/2, I'=1I,
and ultimately
i 2_1nn .
Aml+lm= I[(I+1+m) 4] 1"_11}'.&’_ (9)
yj 4/ +2 I 2c
for

j=1+1/2, j'=1-1/2, I'=1 .

The radial elements R,,' between the 6p;/, and

6ps, orbitals are calculated from the HF solution of
the ground configuration of T1° and the resulting hf
coupling parameters are presented in Table II. They
are compared to results of atomic beam experiments
on the free 2°TI° atom.2% %

The impressive disagreement of the HF value com-
pared to the experimental value for the j =—i— state??

has been known for a long time: it was discussed in
the literature as early as 1933.2* It seems that a

TABLE II. Radial matrix elements R”,, of the relativistic
HF 6p orbitals of the free TI® atom; calculated lowest-order
hf coupling parameters, A4, compared to the experimental
hf results, 4, (from Refs. 22 and 23) both for the 20°T]
isotope.

Acalc Aexp(
j J' Rj/, (MHz) (MHz2)
% % 0.3432 19272 21130
3 1
3 1 0.0379
.;- % —0.061 41 1377 262

first-principles calculation was not attempted until
very recently by Ray er al.?* and by Sushkov ez al. 2
In the former work it was found that there are two
highly competing mechanisms that correct the pure
HF results. The first consists of polarization of the
occupied s shells by the unpaired 6p electrons
described in this formalism by single excitations of an
electron from an occupied s orbital to an excited one:
ns — ks (n <6; k >6). This exchange-core-
polarization (ECP) effect contributes —3061 MHz to
the 6p3, hf coupling.?’ The second mechanism ori-
ginates from the correlation between the electrons
which is partly described by pair excitations from the
ground configuration. From a calculation of the
lowest-order correlation terms, and of some of the
higher-order ones which are considered to be most
important,? a contribution of +2000 MHz was
found. In particular the pair excitations described

schematically by 6s6p/"— kd6p/"," proved to be cru-
cial, but also 6s6p,"'—*ks6pj",'l and 5d6s — 6pkf con-

tributed substantially. The total calculated p;/, hf
coupling is +320 MHz. The error on the correlation
contribution is estimated to be smaller than 15%.
This yields an uncertainty on the calculated hf in-
teraction comparable to the experimental value. It is,
however, felt that the very low 6p;/, hf coupling is
theoretically understood and that the difference
between the HF and experimental values is entirely
due to the two effects described above.

The contributions to the 6p,;; hf coupling are quite
different from those of the 6p;/; state. The correla-
tion term is nearly unchanged, but the ECP effect is
smaller and both cancel to almost zero. This is in
agreement with the experimental value of the hf
anomaly between the 6p,/, and 6p;, states.?? The
difference of 1858 MHz between HF and experimen-
tal hf coupling is now found to be almost entirely due
to polarization of the 4p,/, and 5p,/, shells. Similar
effects were found by Desclaux and Bessis for the
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4p, ), state of Ga®.?’

The ECP and correlation effects mix Slater deter-
minants corresponding to one- and two-electron exci-
tations in the HF ground state. However, it turns
out that the final improved states of the ground con-
figuration are still pure 6s26p, to about 96%.

C. Inclusion of the crystal field

It will now be assumed that the ground state of TI°
is modified by an electrostatic field generated by a
pair of charges e; and ¢, located on the z axis at a
distance R at both sides of the atom. We will retain
only the first- and second-degree terms in the expan-
sion of the field acting on each electron in the neigh-
borhood of the atom

v(F)=ga(NCEY (8) +g,b6 (P (0) , (10)
with
2
a(n="%, b(n="1% (1
r r
> >
and
gi=e —ey gy=e; te; . 12)

C§Y (6) =cosH
and
C§?(8) =3(3cos?9—1) ,

following the definition of the angular functions C,{?
given by Edmonds.?® r_ and r are the smaller and
the larger one, respectively, of the distance r of the
electron from the nucleus, and of the distance R,.

The crystal-field v, causes a strong mixing of the
6p1/2 and 6p3/, orbitals, which is not well described by
a perturbation treatment. Therefore we first diago-
nalize the one-electron Hamiltonian

h=ho—ev, (13)

between the six 6p one-electron functions. A is the
HF Hamiltonian appropriate for the 6p orbital and we
take the electron charge e =1 in the calculations to
follow. Due to the axial symmetry of v., matrix ele-
ments (jm|v.|j’'m’) are zero unless m =m’. There-
fore only two identical 2 X 2 matrices must be diago-
nalized, e.g., for m = %:

. 1 3
J D) 7
1 1
3 €1/ ~5V240,
3 1 1
e} —*5—\/5(]2171 €3/ +?q2b2

(14)

€172 and €3 are the one-electron HF energies of 6p,,
and 6p3j,. by and b, are defined by

by=~(P12, Q12 W0 (r) 1 P35,Q3p2) (15a)

by=—(P3, Q3216 () 11 P3,0372) , (15b)
using the notation

Sl WD Ngngd= [ e+ e F(ar

The b, and b, parameters are comparable to each
other; in the nonrelativistic approximation they are
equal. From Eq. (14) and from the analogous

m= —% matrix, the new ground-state orbitals of the
6p electron form the Kramers doublet

bpe=Kplff +Kopif} (16a)

bp-=Kipiii? —Kapip? (16b)
with

LI ALl a7

K, ep—€

and in which e is the lowest eigenvalue of matrix
(14). For a TI° atom in the field v, the g values are
essentially determined by this mixing of 6p;/, and
6p;,. However, this mixing is also influenced by the
first-degree field associated with the charge ¢,
through a second-order effect involving excited s and
d states. This can be described by an effective
second-degree field associated with an effective
charge ag?. The effect of some of the nearest excit-
ed s and d states was calculated and this yields the ap-
proximate value a=0.5 +£0.1. The mixing of the 6p
orbitals by the second-order effect of the first-degree
field will be absorbed in the constants b, and b, (Egs.
(15) and consequently in the coefficients K, and K,
(Eq. (17) by replacing in matrix (14) g, by

q5" =g, +agf . 18)

In addition to the mixing of the 6p orbitals there is
a smaller mixing of excited configurations like 6s56pkd
or 6s%ks in the ground configuration. This has a
small effect on the g parameters, but it contributes
substantially to the hf coupling parameters. The new
ground state, using the ¢,+ orbitals is improved by a
perturbation treatment using as perturbing Hamiltoni-
an

AXC’ =3 _3(:0—‘ e E 'Uc( F,)
i*6p
in a way analogous to the treatment of the free atom.
The part of the crystal-field operator applying to the
6p orbital was taken into account by the diagonaliza-
tion of matrix (14).
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D. Calculation of the g parameters
of the spin Hamiltonian

We sketch the procedure for g, =g,; for g, the cal-
culation is similar. The relativistic Hamiltonian
describing the magnetic interaction of an electron at
F(x,y,z) with an external magnetic field H = H,, is
given by '

hz=5(ayx —ay)H, , (19a)

or equivalently

e = 5Ll (0, 0)+ arC{ (0, 8)1H,

(19b)

It is straightforward to calculate g, by a comparison
of matrix elements of Eq. (19b) in the basis Eq. (16)
with those of g upS,H; in the basis of spin functions
used in the spin Hamiltonian. The following expres-
sions are found:

oV = IKEHEKE-AVIKKE G0
g =|%K12 _gkg +%\/5K1K22| , (20b)
in which X is defined by

S==c (P2 Qipllr 1 Qsn,P3pn) . @n
3 is almost equal to unity (2=0.98) for TI°. Note

20 T T T T
(o)

1.5- 9 :
wn (o)
% 1.0 N .
4
g
O 0.5+ gio) =

00

| | | 1
0° 10° 20° 30° 40° 50°
¢ = cos™ (Ky)

FIG. 3. g values gi(O) and g|f°), resulting from the mixing
of the 6p orbitals of the TI° atom by the crystal field v,, are
given as a function of the angle y =cos™!(K,). The mixing
coefficient K; is given in Eq. (17) as a function of the
crystal-field matrix elements 6,9, and b,q,, and of the
free-atom energy splitting €/, — €3/,.

that through ¢$™ as given in Eq. (18), g, and g,
depend on q;.

Two limiting cases are easily checked using Egs.
(17) and (20). The ground state of the free atom is
a 6py); state (K; =1, K,=0) and in agreement with

Landé’s formula one finds g, =g, = % For a large

and positive value of g; the orbital angular momen-
tum is quenched because the spin-orbit energy is
small compared to the crystal-field energy; conse-
quently, in a nonrelativistic approximation (b, = b,
and £=1) one finds K, =++v1/3 and K,=—+2/3
and so g,=g,=2. In Fig. 3 g, and g, are displayed
as a function of ¢ =cos™'(K) for values between
these two limits. These results can be compared with
the calculation of Ammeter and Schlosnagle,?’ con-
cerning the g values of axial Ga® defects in rare-gas
matrices. ‘

E. Calculation of the 4 parameters
of the spin Hamiltonian

The analysis of the contributions to the hf coupling
in the framework of perturbation theory is con-
veniently performed using Feynman diagrams. The
analysis is given in Figs. 4 and 5. In Fig. 4 the con-
tributions are given that are also present in the free
atom but evaluated using the crystal-field mixed ¢, +
states (which in the diagrams are drawn as a double
arrow) whereas the additional ones are given in Fig.
5. Because we are primarily interested in the physical
effects and for practical reasons not so much in accu-

FIG. 4. Feynman diagrams representing the contributions
to the hf interaction of the TI® atom, which do not involve
the crystal-field v, explicitly. Note that the 6p orbital, which
would occur in the free-atom diagrams, is replaced by the
“‘solid-state’’ orbital by
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Ve c Yc
ks 6s P
. hht P hpt ks ve
k's 6s B6s*
e vc Pt
(a) (b) (c)
hht Ve
ks kd 6s
6s Ve Pt
kd 6s

(e) (f)

FIG. 5. Major contributions to the hf interaction of the
TI° atom, involving the first-degree [diagrams (a), (b), and
(c)] and the second-degree [(d), (e), and (f)] part of the
crystal-field v,.

racy, only the lowest-order contributions are given.
In this subsection we always take n =<6 and k > 6.
The leading contribution is given in Fig. 4(a) and we
call it the direct contribution of the crystal-field
mixed ¢, + to the hf coupling. The hf formulas can
be derived using Egs. (4)—(9) and (16). The result

is

w1
AfY ==L (KR 21— s KR 33

1 2¢
+%‘/5K1K2R3/21/2) , (22a)
A(l) ( K R + K R
1 1 2c 1/21/2 3/23/2
- 3VIK\K R0 p) (22b)

To compare with nonrelativistic formulas valid to a
large extent for atoms with (Z/c)? << 1, one can use
the correspondences

Ripip=4(rus , Riypsp=-2(")up ,

Rypin=(r7)u, .
in which the averages are performed over the non-
relativistic 6p orbital. The diagram 4(b) represents
the very important ECP effect. Especially the 6s or-
bital is found to contribute substantially. Represent-
ed by diagrams 4(c) to 4(e) are the major correlation
contributions as mentioned in Sec. VB. They are op-
posite in sign to the ECP terms represented by dia-
gram 4(b). However, many more smaller contribu-
tions have been taken into account.

It can be shown that these four diagrams have a
similar dependence on K,K,: Only the radial matrix
elements are different. Therefore only the formulas
for the diagram 4 (b) are explicitly derived.

From this diagram one can read the following
contributions to 4 and A4 :

AP = 2 (ns, I | gl ks, 1) (ks;dp4|1/rinldpasns) ’ (232)
nkm €ps — Eks
Al(z) _ E (ns*,1 "'llhhf!ks ) (ks™ a¢p+|1/’12|¢p—,”5 ) (23b)

nk € p5-€ks

In the two-electron elements the first function of the bra and ket belongs to electron 1, the second to electron 2;
m, indicates the spin states of the ks and ns orbitals, which must be equal.
Combining Egs. (4) to (9) for hy with Eq. (16) for ¢,+ the following expressions are obtained:

AP = ”}l 21 (= ~K{Fi10— K2F3/23/2+ 2 V2K K Fspp) (24a)
a@ =‘%2L > Ki PFipie+ 3 K3Fspan— SVIK\K2Fsp1) (24b)
with
nk<Pk,Qk,P,,Q, P Q/,P,.,Q,,>
(24¢)

Fﬂl=2

nk €ps — €ks

If Egs. (24) are asymmetric in j and j, F,,’ is replaced by

%(F”, +Fy). Ry is similar to the R, defined earlier in

Eq. (4). r and rs are the smaller and the larger of the radii r; and r,. Through the use of a semicolon the radi-
al element of 1/r; is written in such a way that the two-electron nature is shown. Here and in the following we

write

(Sr.f5 3 el W(1,2) 11 81,82:83,.84)= ffdfxdrzW(1,2)[f1(1)81(1) + £2(1) g, (1 £3(2)£3(2) + £4(2) g4(2)1]

(25)
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The diagrams 4(c) to 4(e) only differ among each
other in the radial functions F,j'- The diagrams 5(a)

and 5(f) represent additional contributions that result
from polarization of the atom by the crystal field;
Figs. 5(a) to 5(c) give the influence of the first-

tained in the effective second-degree field mentioned
earlier. There are higher order contributions of the
first-degree field that one can obtain by introducing
first-degree field vertices in Figs. 4(b) to 4(e). These
were found to be sufficiently small to be negligible.

As an example of the contributions involving the
first-degree field, diagram 5(a) is written out explicit-
ly (adding the other diagrams will only change the ra-
dial elements):

degree field in the lowest order. There are two other
members where the Ay vortex has to be drawn in the
¢, + line in Figs. 5(a) and 5(b) but these are con-

A(J) =2_ 2 (ks»l‘hhf‘k’s'1><¢p+|vc|ks><k13|vcl¢p+> (26a)
o, (e—ex)(e—e.) '
k kms k's
2 (ks 1 =1yl k's 1) (dpslvelks®) (k's™|vel@p-)
A 3) P c p (26b)
: \mk,zk (e—exs)(e—e¢,)
Again mj, indicates the spin state of the ks and k's orbitals. This yields the following explicit expressions:
1
A =‘112LL1L‘2_C(_;_7K1251/21/2—%Kzst/zs/z+2i7\/§K1K201/23/2) : ‘ (27a)
AP ==ai ; ‘ (27b)
and
G- 2 Rkk,i(P/,Qj la (r) 1| Py, Q) (Pk,Qk! a(r) lIPj,Qj,) 270
p] ’ v

o (e—ex)(e—e¢,)
in which e is the energy of the ¢,+ orbitals. Finally, we have the important modification of the ECP contribution
to the hf parameters by the second-degree field given in Figs. 5(a) to 5(f). It was found that similar modifica-
tions based on the correlation diagrams 4(c) to 4(e) are not very important; so we neglect them.

The following expressions are deduced from Fig. 5(d):

1
A =025 5o (e K H i + 35 K3 Hanan = 555 VIK KaHapn) (28a)
wil
A =(12"1—l2—c ‘%Klel/zx/z—1%25‘1(22113/23/2+"%\/§K|K2H3/21/2) ) (28b)
with

Risos (P Qs ll b (r) | Py, Oxa) (Pkd’de;Pijj

I'<
r2

PO, ;Pks:ka>

.HJ/'=—2

6skd (Eés—€kd)(€kd‘€ks)

Hjj, is again replaced by (Hjj, +H/,)/2 if Eq. (32) is
not symmetric in j and j'. Since the large component
radial functions of the kdj/, and kds), orbitals are
nearly equal, the corresponding radial elements were
taken to be the same. ‘

The diagrams 5(e) and 5(f) yield formally the same
expressions as 5(d) but with different radial integrals.

F. Analysis of the experimental g and hf parameters

In order to explain the striking difference between
the experimentally observed hf parameters of the

, (28¢)

TI°(1) and the TI°(2) centers (Table 1) we will use
the model that we constructed in the foregoing sub-
sections involving the influence of the crystal field on
the ground-state magnetic properties of TI°. The two
charges e, and ¢, along the z axis, which produce the
crystal field [Egs. (10), (11), and (12)], represent
then the effective charges of the negative-ion vacan-
cies involved in the models of the centers (see Fig.
2). In a purely ionic model, without polarization of
the lattice, one would expect a unit positive charge
for such a vacancy at the NN distance of KCI from
the TI® atom: Ry=5.95 a.u. Thus e;=1 and e, =0
(which means ¢, =¢,=1) would apply to the TI°(1)
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center and ¢, =¢,=1 (which means ¢; =0 and
g,=2) to TI°(2). Because, as we will demonstrate
below, the thallium valence electron is partly delocal-
ized in an F-center-like orbital on the negative-ion
vacancies, the charge of the latter is not well
described by a unit point charge; furthermore there
can be polarization effects. Thus, significant depar-
tures from these ideal e; and e, values are possible
and even likely. The delocalization should be ap-
proached from a molecular orbital point of view in-
volving a sufficiently large cluster of appropriately
displaced ' K* and CI™ ions surrounding the thallium
atom. This falls outside the scope of the present ap-
proach. Within our atomic approach we will describe
the delocalization in a rather ad hoc manner by intro-
ducing a localization factor f: the delocalized part

1 — f of the TI° valence electron contributes to the g
factor with nearly the free-electron value go=2 (the

J

spin-orbit parameters for K* and CI™ are indeed small
compared to that of TI°); the localized part, f, on the
TI° contributes to the g and hf parameters with an
amount given by Egs. (20), (22), (24), (27), and
(28). We obtain

e=rel” +(1-p , 9)
Ar=fAL =fAL +4P +4P +4) . 30)

and completely analogous relations for g, and 4.
The radial matrix elements needed for the calcula-
tion of the hf components are listed in Table III.
The summation over all diagrams of a given family is
already performed. After conversion to the notation
and units {(?®u,/I)[1/(2¢)1 =1521 T/a.u.} of the
spin-Hamiltonian Eq. (1) we find, for the 2°°T1 iso-
tope, in mT units:

Af® =762K7 +10K} +223K K, + ¢ (140K ? +310K? —417K 1K) +q,(—=59K{ —75K% +42K K,) , (31a)

A =762K? —19K? — 112K K, —qf (140K { +310K} —417K K ,) +4,(30K{ +60K? —84K K;) .

In order to calculate K;(«; ¢1,9,) and K,(e;q1,9,)
one needs the following eigenvalues and matrix ele-
ments (between the 6p HF functions):

€y =—0.2134, e,=-0.1777 , (32)
by=—0.0714, b,=—0.0649 , (33)

in units of a.u.

It is a consequence of our ad hoc description of
delocalization that the ratio y(a;q,,9,) =A /A4, is in-
dependent of the localization factor f. We will ex-
ploit this by investigating the behavior of this ratio as
a function of ¢; and ¢,. In Fig. 6 a set of lines of
constant y is drawn in the (g,,¢,) plane using the es-
timated value a=0.5. This set includes the lines cor-
responding to the experimental hf parameters of
T1°(1), y=0.540, and of T1°(2), y =3.653. These

(31b)

I

lines are quite insensitive to the value of «, i.e., to
the effective second-degree field induced by the
first-degree field. This is illustrated in Fig. 6: the
lines corresponding to a« =0.75 and 0.25 do not differ
much from the « =0.5 line especially for the larger g,
values. For the y=3.653 curve these deviations are
even smaller because of the smallness of the associat-
ed.q, value.

From Fig. 6 it can be concluded that the hf ratio
v =0.540 corresponding to TI°(1) can only be ob-
tained for g, values in the narrow range +0.8 to
+1.0 but virtually any ¢, value ranging from 0 to 2 is
possible. Its value must be obtained from a fit of the
g factors. In contrast to this, the y =3.653 curve ap-
propriate for TI°(2) is only defined for g, = +1.84
and rather small ¢, values (g, < +0.45 for
g, <+2.4).

TABLE III. List of radial matrix elements (in a.u.) contributing to the hf interaction in the TI°
atom in an axial crystal field. Distance of the charges is 5.95 a.u.

i R ’ ! t ’
J J v F/] G/J' }IJ:I'
1 L 0.376* ~0 ~0.624 ~0.164
2 1 0.0379 ~0.0450 ~0.656 ~0.165
2 < ~0.0619 ~0.0902 ~0.690 ~0.166

83p1/24p1/2 and 5py, ECP contributions are included here.
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q, (electron charge)

0.0
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!
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a, (electron charge)

FIG. 6. Set of calculated curves of constant ratio y =4 /4 of the hf parameters is shown in a (g,,4;) plane, including those
corresponding to the experimental hf parameters of TI°(1) and TI°(2), measured at 14 K (Table I). The full lines are calculat-
ed for the value of «=0.5, while for TI°(1) curves for «=0.25( - - - ) and 0.75 (— — —) are shown. For each of the defects a
cross indicates the best fit of the experimental parameters (Table 1V).

As a function of g, we have drawn in Fig. 7 for
each point on the y =constant curves for T1°(1) and
T1°(2) the localization factor f needed to scale the
calculated hf parameters to their experimental values.
The g factors g, and g, are also given as a function of
g, using the corresponding ¢, value on the appropri-
ate vy curve in Fig. 6, and the resulting f value.

In Fig. 7 the experimental g values of both centers
are indicated. For TI°(1) this yields an upper and
lower limit for g, and from the mean value the best
fit as given in Table IV is derived. For TI°(2) it is
clear that for the lowest possible g, value, g, =1.84
(which implies g; =0), the calculated g values are
closest to the experimental ones and the parameters
corresponding to this point are again presented in
Table IV.

From this table we can see that the values obtained
for the first- and second-degree field charges ¢; and
g, are in good qualitative and reasonable quantitative
agreement with the models presented in Sec. IV. The
first-degree field cancels (g, =0) for TI°(2) in agree-
ment with the symmetric configuration of the two va-
cancies (e; =e¢,) and the second-degree field g, is
much stronger than for the one vacancy TI°(1)
center. Furthermore, ¢; and g, are comparable to
each other for T1°(1) which is also in agreement with
the one-vacancy model (e;=0). However, the calcu-
lated charges in Table IV are reduced to about 70 and
90% of the ‘‘ionic’’ values expected from the one-
and two-vacancy models. This is very likely a reflec-
tion of the delocalization of the TI® valence electron.

From the localization factors f in Table IV one

2. - . .

0 I g, A 10
5
o =
> N
< J _.J
> ! <
! O
o ! (@]
! .

10 | ! B L 0.0

0.0 05 10 15 20

q, (electron charge)

FIG. 7. Plot of the localization fraction fand the g values g, and g, corresponding to the points on the y =A,/4 = const
curves (see Fig. 6) of (a) the TI°(1) defect (y=0.540), and (b) the TI°(2) defect (y =3.653) as a function of the second-
degree charge g,. (Fullline: a=0.5, dotted and broken line for @ =0.25 and 0.75, respectively). The bes; fits for each defect

(Table 1V) are indicated by a cross.
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TABLE IV. Crystal-field charges ¢;, ¢,, and localization factor f obtained from an exact fit to the TI°(1) and TI°(2) hyper-

fine parameters and an approximate fit to the g factors.

The estimated value of a=0.5 was used in this fitting procedure.

Center q, q, f ‘ &l 81
calc 0.678 0.870 0.544 1.820 1.265
TI°(1)
expt 1.7892 1.3077
calc 1.839 0 0.646 1.910 1.479
TI°(2)
expt 1.8694 1.4822

deduces that in the case of T1°(2) 35% of the valence
electron is shared by the two vacancies and the sur-
rounding ions. For T1°(1) the delocalization is
higher, namely, 45%, despite the fact that only one
vacancy is involved.

It is beyond the scope of this work to investigate
the precise details of the delocalization: a molecular
orbital approach will be needed for this. At this point
we only note that our pragmatic atomic approach has
provided a reasonable and consistent interpretation of
the g and hf data.

G. Qualitative discussion of the ESR linewidths

The linewidths of the ESR spectra of T1°(1) and
TI°(2) very probably result from unresolved shf in-
teraction of the unpaired electron with surrounding
ClI~ and K™ nuclear spins. The electron will spend
part of its time in an F-center-type orbital on the va-
cancies. The linewidth resulting from this can be ex-
pressed as a fraction of the F-center linewidth, which
is 4.6 mT in KC1.3° Only % of this will be taken into

account because one of the K* ions is replaced by
TI°. The attractive field of the negative-ion vacancies
induces a deformation of the T1° valence orbital to-
wards a p, orbital, oriented along the tetragonal axis
of the centers. Therefore we expect the interaction
of the electron spin with the ClI™ nuclear spins lying
in the plane perpendicular to the tetragonal axis to be
small. An analogous situation is found for the tetrag-
onal Sn* center in KCI (Ref. 7) which is not dis-
turbed by any vacancy. In this case resolved shf
structure is found only with the two chlorine nuclei
along the (100) symmetry axis of the center. We
will therefore in the T1°(1) center take only one CI™
nuclear spin into -account, and none in the TI1°(2)
center.

The shf coupling with the one neighboring C1~ nu-
cleus along (100) in TI°(1) would yield a four-line
structure. However each of these lines has an intrin-
sic linewidth determined by other factors. Among
these is the 45% delocalization obtained from the
theory. Supposing this means 45% F-center charac-

ter, one obtains a linewidth of about 1.8 mT, which is
more than half the experimental reduced width of 2.7
mT (Table I). Under these circumstances the shf
structure cannot be resolved. An estimate of the
chlorine shf coupling parameter needed to obtain the
experimental linewidth yields 0.75 mT. This is small-
er but of the same magnitude as the chlorine shf cou-
pling parameters for the isoelectronic Sn* center’:

A, (C1) =143 mT , Ay(C1)=1.99 mT ,

In the TI°(2) center the shf coupling to the C1~ nu-
clei is probably negligible. If the 35% delocalization
from the theory is again F-center-like, a linewidth of
about 1.3 mT is found which is somewhat larger than
the experimental 0.75 mT value given in Table I.
These qualitative arguments illustrate however why
the ESR linewidth of the TI°(2) center is so much
smaller than that of the T1°(1) center.

VI. PRODUCTION, OPTICAL, AND THERMAL
PROPERTIES OF THE TI1° CENTERS

A. Some data on the primary TI1°(0) center

Before describing our experiments it is useful to
recall a few facts about the primary T1°(0) defect!-*¢
whose model is presented in Fig. 2(c). These centers
are produced rapidly and efficiently together with
some amount of F center by x irradiation of KCIL:TICI
at liquid nitrogen temperatures. At the same time a
high concentration of Cl,”Vk centers (self-trapped
hole centers) and a small amount of TI>* (Refs. 1
and 14) centers are created. The primary TI1°(0) is
formed when a substitutional TI* traps a mobile elec-
tron produced by the x irradiation. The Vi centers
start hopping above 210 K (Ref. 4) and the holes are
trapped by the TI* ions thus strongly enhancing the
TI** concentration. Around 290 K the TI1°(0) decay-
by losing their trapped electron and these in turn des-
troy a good fraction of the positively charged T1** de-
fects. A strong thermoluminescent peak character-
izes this process. The optical absorption bands of
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T1°(0) extend from 300 to 800 nm with two weak ad-
ditional peaks at 1250 and 1500 nm. Excitation with

polarized light produces no optical anisotropy even at
42 K31

B. Production of TI°(1) and TI°(2) by
irradiation at various temperatures above 200 K

The TI1°(1) and T1°(2) centers are readily produced
in reasonable quantities by x irradiation at room tem-
perature, but they are not formed below 220 K. In
order to find the optimum production temperatures
the following experiment was performed: At various
temperatures between 200 and 320 K a KCL:T1* sam-
ple was x irradiated for 15 min and the ESR peak in-
tensities of TI°(1) and TI°(2) were recorded. In or-
der to restore the sample to its initial state it was
warmed to 400 °C and quenched to room temperature
before each irradiation. The solid lines in Fig. 8
show clearly that TI°(1) is produced with maximum
efficiency at ~260 K while ~280 K is the optimum
temperature for TI°(2). The relative intensities of
TI°(1) and TI°(2) in this figure are quite arbitrary,
but because of its narrow linewidth it is clear that the
TI1°(2) concentration is substantially smaller than the
TI°(1) one. The data presented in Fig. 8 are con-
sistent with the TI1°(1) and T1°(2) models set forth in
Fig. 2. Indeed, because T1°(2) involves one more
negative-ion vacancy than T1°(1) a reasonable con-
centration of the latter [or its precursor under elec-
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FIG. 8. Isochronal (15 min) production of the TI%(1) and
TI°(2) centers ( x and O, respectively), by x irradiation of
KCI:TICI at temperatures between 200 and 320 K (full
lines). A subsequent F bleach in the ESR cavity (5 min)
yields new intensities represented by a broken line. Before
each x irradiation thermal annealing to 400 °C was applied to
the crystal.

tron trapping which we will indicate by T1*(1)] must
have been formed before a measurable concentration
of T1°(2) can be produced. The lower production ef-
ficiency of both TI° defects above 280 K may be at-
tributed to further electron and negative-ion vacancy
trapping and to the fact that at 290 K the primary
TI°(0) defect is not thermally stable. The T1*(1)
center is a substitutional TI* jon next to a negative-
ion vacancy. The evidence to be presented in Sec.
VIE indicates that, TI*(1), the precursor center of
TI°(1) under electron trapping, also decays thermally
around 280 K. This will necessarily adversely affect
the production of both T1°(1) and T1°(2) above 280
K in agreement with the high-temperature results in
Fig. 8.

C. Production by x rays at 260 K as a function of time

In the following experiment the production of
TI°(1), T1°C2), and T1** was studied by ESR as a
function of x-irradiation time at 260 K. This tem-
perature was chosen because (i) both TI°(1) and
T1°(2) are efficiently produced (see Fig. 8), (ii) the
primary T1°(0) is still thermally stable at this tem-
perature ( Tyecsy =290 K), and (iii) the Vg centers are
not stable (Tgecsy =210 K), making that most mobile
holes produced by the irradiation are trapped by T1*
jions and form T1?*. The results are plotted in Fig. 9.
The rate of formation of TI** is very high at the be-
ginning of the irradiation, but it drops off rapidly
after about 5 min. The TI1°(0) ESR spectrum is
unobservable, but the initial stage of production is
expected to be similar to that of TI**. The T1°(1)
and TI°(2) centers have a much slower rate of for-
mation, the TI°(2) rate being the slowest.
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FIG. 9. Isothermal (7 =260 K) production measurement
of the TI°(1), TI°(2), and TI2* defects (%, O, and V,
respectively), in KCL:TICI, as a function of time of x irradia-
tion. The intensities are normalized to the value obtained
after 100 min of irradiation.
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These observations are readily explained. The rap-
id initial rate for TI>* formation underscores the fact
that the x irradiation produces efficiently large quan-
tities of mobile holes and electrons which are quickly
stabilized as T1>* and primary TI°(0) defects, respec-
tively. The creation of TI°(1) and TI1°(2) requires (i)
the existence of a reasonable T1°(0) concentration,
and (ii) the availability of negative-ion vacancies
(which are known to be mobile at 260 K). The
creation of negative-ion vacancies implies the creation
of halogen interstitials. The production of the
latter, and consequently of the negative-ion vacan-
cies, is known to be much less efficient compared to
the production of electrons and holes. In fact, in or-
der to produce interstitial concentrations comparable
to trapped electron or hole center concentrations one
needs x-irradiation times which are roughly one order
of magnitude longer. In view of these considerations
the much slower rates of formation of TI°(1) and
T1°(2) compared to TI>* are quite understandable and
lend general support to the defect models proposed in
Fig. 2. The lower production rate of TI°(2) is again
in agreement with the assumption that two negative-
ion vacancies are present in the structure.

D. Pulse annealing experiments
1. Production of T1%(1) and T1°(2) by vacancy stabilization

In this experiment we wanted to separate the
processes dependent upon the production and mobili-
ty of electrons and holes from those dependent on
the migration of negative-ion vacancies. To this end
a KCI:TICI sample was x irradiated for 20 min at 200
K. This irradiation produces a large amount of
trapped electron centers (mostly the primary T1°(0)
defect and F centers), trapped hole centers (mostly
the Cl,~ Vk center ) and an amount of negative-ion
vacancies which are immobile (they start to migrate
above ~230 K). Then the sample was pulse an-
nealed (5 min at each temperature, 10 K apart) to
room temperature. The Vi centers, or the holes for
that matter, become mobile at 210 K (Ref. 4), and
are retrapped mostly by TI* ions forming T1?*
centers. Indeed, at the doping levels we are using
the TI* concentrations still far outweighs the TI°(0)
one. This hole retrapping process, is complete by the
time 230 K is reached where TI1°(1) and TI°(2) start
to form (Fig. 10). Both continue to increase when
the temperature is raised further, very likely we be-
lieve, because the now mobile negative-ion vacancies
are trapped by the primary TI°(0) centers. Above
270 K the TI°(2) decays strongly while TI°(1) shows
only a small drop. We note that these changes coin-
cide with the known decay temperature 290 K of the
primary T1°(0) center!3? and consequently we pro-
pose the following explanation.
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FIG. 10. Intensities of the TI°(1), TI°(2), and T1?* ESR
spectra (X, 0, and V, respectively), obtained after a 20-min
x irradiation of KCLTICI at 200 K, are displayed as a func-
tion of the temperature corresponding to consecutive pulse
annealings of 5 min. The pulse-anneal data of Delbecq et al.
(Ref. 32) concerning the decay of TI°(0) are also given.

In forming TI°(1) and T1°(2) not all the primary
TI°(0) have been used up (maybe the vacancies are,
maybe not). These TI°(0) decay thermally around
290 K releasing mobile electrons which are in turn
strongly attracted by the positively charged TI1°(2)
centers transforming them into Tl -type centers. The
latter are unobservable in ESR. The T1°(1) center,
which according to our model is electrically neutral,
does not strongly attract mobile electrons. This ex-
plains their relative indifference to them. We note
again that the proposed T1°(1) and T1°(2) models in
Fig. 2 are naturally consistent with the experimental
data.

If the above explanation is correct, one must con-
clude that the precursor center TI*(1) [Fig. 2(d)] of
TI°(1), is not stable above 270 K. Indeed, such a
precursor center is positively charged and would
strongly attract the mobile electrons. This would lead
to an increase of the T1°(1) concentration above 270
K, which is not observed. In Sec. VIE we shall in
fact present evidence that the TI*(1) precursor center
can be produced below 270 K but that it decays
above this temperature.

2. Pulse anneal after X irradiation at RT:
Thermal stability of the T1° defects

In order to measure the thermal decay of the
TI1°(1) and T1°(2) centers a KCL:TICI crystal was x ir-
radiated at RT during 30 min and the ESR spectra
were measured after each of a series of pulse-anneal
treatments of 5 min about 15 K apart. As is shown
in Fig. 11 the intensity of T1°(2), and to a lesser ex-
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FIG. 11. Pulse-anneal data concerning the decay of the
TI(1), T19(2), and TI?* defects (X, O, and V, respectively),
in a KCLTICI crystal which was x irradiated for 40 min at
RT.

tent the one of T1°(1), drop fast after the first an-

‘ nealing step at 313 K. At the same time the TI**
centers show a strong decay, which is a result of trap-
ping of the electrons released by the T1°(0) defects.
Indeed, the latter centers are decaying around RT."3?
The decay of the T1°(2) centers is comparable to that
obtained in the same temperature range in the fore-
going annealing experiment (see Fig. 10). The
T1°(1) decay is much stronger than in the previous
experiment. The quantitative differences between
the two experiments are quite understandable in view
of the very different conditions of production of the
defects. In the present experiment the x irradiation
was performed at a temperature at which the primary
TI’(0) centers are becoming unstable. The initial de-
cay of the T1°(1) and TI1°(2) centers probably results
from this situation. From the further annealing data
one can see that both TI°(1) and TI°(2) centers are
stable above 313 K.

The T1°(2) defects start decaying around 360 K,
and have disappeared completely at 390 K. One
notes from Fig. 11 that this decay occurs simultane-
ously with the disappearance of the T1?* centers. It is
possible that the T1°(2) defects are destroyed by trap-
ping of holes released by the T1** centers.

The TI°(1) centers are much more stable and de-
cay around 460 K. After a pulse anneal to a tem-
perature in the region of decay of TI°(1), the crystal
is losing the color obtained by the x irradiation,
which shows that the F centers are also annealed out.
This points to a release of interstitial ions or atoms
from traps in the crystal. For TI°(1), and as men-
tioned above also for T1°(2), it is not certain that the
decay of the defect is a result of its thermal instabili-
ty: secondary processes—in the T1°(1) case the decay
of interstitial defects—may be involved.

E. Behavior under optical excitation of F centers

The foregoing experiments have shown that (i) the
TI°(2) center exerts a strong attraction for mobile
electrons, and (ii) that TI’(1) does not. Furthermore
the possibility was raised of the existence of the pre-
cursor center under electron trapping of the TI°(1)
center, i.e., the TIT(1) center. In order to investigate
these points further the behavior of the ESR spectra
under optical F-center excitation was studied, because
such an excitation produces mobile electrons in the
crystal. '

1. F-center excitation at 10 K after
X irradiation between 200 K and RT

The experiment of Fig. 8 was repeated but with an
important addition, i.e., after the x irradiation of 15
min at the chosen temperature and after the TI°(1)
an T1°(2) ESR intensities were recorded (solid lines
of Fig. 8), the sample was optically excited in situ in
the F band at 10 K for several minutes. The new
ESR intensities were then recorded at 10 K after
which the crystal was heated to ~400 °C in order to
prepare it for the next x irradiation at a 10-K higher
temperature. .

The results of such optical F-center bleachings at
10 K are presented in Fig. 8 as dotted lines. It is
seen that at all temperatures the T19(2) intensity
drops considerably under Fillumination. This
behavior is in agreement with the proposed two va-
cancy model of TI°(2) (Fig. 2) which is expected to
exert a strong Coulomb attraction on electrons. The
resulting T17-like center is unobservable in ESR.
However, it is also conceivable that the T1°(2) des-
truction is caused by direct optical excitation into a
TI°(2) optical-absorption band which more or less
overlaps the F-center absorption at 540 nm. Indeed,
a preliminary optical investigation has shown that in
x-irradiated KCL:T1* crystal a band is present around
555 nm. A correlation with the T1°(2) center could
not yet be readily proven or disproven (see Sec.
VIF).

The TI°(1) intensity obtained by x irradiation
below 270 K is increased substantially after a subse-
quent optical F-center excitation at 10 K. This
represents strong evidence that below 270 K the
T1*(1) precursor center is produced. This T17(1)
precursor, formed during the x irradiation when a
mobile negative-ion vacancy is trapped next to a sub-
stitutional T1%, is positively charged and thus strongly
attracts mobile electrons. This strong attraction per-
mits T1¥(1) to overcome its numerical disadvantage
in comparison with the neutral substitutional T1* ions
with which it is competing for electrons below 270 K.

.Above 270 K, e.g., at room temperature, there is
no TI1°(1) increase under F-center illumination; in
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fact a small decrease is observed. We conclude, in
agreement with the conclusions of Sec. VID, that the
T1*(1) precursor center is not thermally stable above
270 K. Consequently there are no TI*(1) precursor
centers to trap electrons and enhance the TI1°(1) con-
centration. The observed small decrease of TI1°(1)
may be caused by electron trapping [forming a
T17(1)-like center, unobservable with ESR] or by
direct optical excitation into some T1°(1) optical ab-
sorption band. The latter could not be ascertained in
the preliminary optical-absorption experiment.

2. F bleach consecutive to X irradiation
at 200 K and pulse anneal to 240 K

The existence of the T1*(1) defect, precursor
under electron trapping of the T1°(1) defect, is
strongly supported by the results of the following ex-
periment. After 30 min of x irradiation at 200 K, a
KCITICI crystal was pulse annealed for 10 min at 240
K, i.e., above the temperature at which the anion va-
cancies are becoming mobile.!? As a result TI°(1)
and T1°(2) ESR signals where produced, in the same
way as described in Sec. VID during the simple
pulse-anneal experiments. After the annealing at 240
K an in situ optical excitation in the F band (7 =40
K) resulted in a more than fourfold increase of the
TI°(1) concentration, and reduces the T1°(2) signals
to below the detection limit.

It is worth pointing out that very different
processes can occur by this treatment, compared to
an F bleach after x irradiation of the sample at 240 K
(Fig. 8). By the x irradiation at 240 K free electrons
(and holes) as well as mobile anion vacancies are
produced simultaneously. On the contrary, in the
present experiment electrons are freed by the x irra-
diation at 200 K, while the motion of the anion va-
cancies, also produced by the x irradiation, is frozen:
no migration of the vacancies towards a T1°(0) or a
T1* center can occur. In the pulse-annealing step the
vacancy migration is allowed, while none or very few
mobile electrons are produced. T1* and TI1°(0) are
competing traps for these anion vacancies, yielding
the T1*(1) and TI°(1) defects, respectively. The TI*
center possesses a higher concentration than the
T1°(0) center, but the latter carries an effectively
negative charge which exerts a Coulomb attraction on
the anion vacancies. The low-temperature F bleach
will free electrons which can be trapped by the posi-
tively charged TI1*(1) centers, forming the T1°(1)
centers. From the drastic enhancement of the T1°(1)
concentration by the F bleach it is concluded that at
least three times as much anion vacancies had been
trapped at T1* than at T1°(0) centers during the pulse
anneal at 240 K.

In Fig. 1(d) the simplest structure for the TI*(1)
defect is given. If another configuration is taken into

consideration it is necessary to assume a jump of the
negative-ion vacancy from a neighboring position to
the NN position of the TI° atom during the electron
capture process, in order to obtain the model of
TI(1) (Fig. 2(a)].

One should take into account that two other
processes can influence the experiment presented
here. First it is possible that part, or all, of the
T1°(1) defects produced during the pulse annealing at
240 K, do not result from vacancy trapping near
TI1°(0) centers, but from electron capture at the
T1*(1) defects. A small amount of mobile electrons
can be produced by the thermal decay of some elec-
tron trapping centers such as, the F' center. Second
one should remember that the Vi center becomes
mobile around 210 K and some of the holes could be
trapped by TI°(1) defects, which is an indirect way to
produce the TI1*(1) defect.

The total decay of the TI°(2) ESR signal by the
low-temperature F bleach can be explained, as was
also mentioned before in Sec. VI, by trapping of a
second electron, yielding a Tl -type defect. The latter
is, however, not detected in ESR. Alternatively, we
suggested a direct optical excitation in an absorption
band of the T1°(2) center which would overlap with
the F band,

3. F-center excitation at room temperature

In this experiment a KCI:T1* sample was optically
excited in the F band at room temperature after the
crystal had been x irradiated at room temperature for
about 15 min (Fig. 12).

The TI°(1) intensity typically doubles within a few
minutes of F-center excitation after which it quickly
reaches a saturation level. We concluded already in
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FIG. 12. Intensities of the TI°(1) and TI°(2) defects (X
and O, respectively), after 30 min of x irradiation at RT as a
function of time of subsequent F bleaching at RT.
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Secs. VID and VIE that no TI*(1) precursor centers tion band at 278 nm in KCI:TICI by x irradiation at
are produced by x irradiation at room temperature. 300 K was attributed to trapping of electrons at a
Thus the observed TI°(1) increase cannot be attribut- thallium defect. The latter was concluded from the
ed to electron trapping by TI*(1). Rather, it should growth of this band under an optical F-center bleach
be remembered that optical excitation of F centers at at low temperature.
room temperature yields both mobile electrons and In crystals containing a higher concentration of
mobile negative-ion vacancies whose motions may or TICI (about 0.25 mol%) some of the TI* ions are
may not be correlated. Thus the strong T1°(1) in- paired, and after a low-temperature x irradiation it
crease is ascribed to trapping by a substitutional TI* was possible to measure the absorption bands (at
ion of a mobile negative-ion vacancy and a mobile 233, 460, 860, and 1760 nm) of the trapped electron
electron either simultaneously or in very rapid suc- defect T13.32 More recently,* very strongly doped
cession. crystals (up to 2 mol%) were studied after x-ray
The effect of optical F-center excitation at room treatment at 77 K. From ESR measurements it was
temperature on the T1°(2) center is the following: A determined that T13*-type defects were produced,
strong increase (typically a quadrupling) of the TI°(2) probably close to a TI° center. It was also claimed
intensities after a few minutes of illumination fol- that T13 and TI>* defects were paired in these crystals.
lowed by a slow decrease. The explanation is basical- Several optical studies report the production of
ly the same as for T1°(1): A substitutional T1* im- TI™-type defects by additive coloring of KCL:TICI crys-
purity ion catches in rapid succession two mobile tals,3 or else by electrolytic coloring of KCI:(TICl
negative-ion vacancies and one mobile electron. The +CaCl,) and KCIL:(TICI +SrCl,).%¢
observed slow decrease after a few minutes may be An attempt was made to identify the optical-
caused either by trapping of a second electron or by absorption bands corresponding to the TI°(1) and
direct excitation into a TI’(2) optical-absorption TI1°(2) defects, discussed in this paper. Figure 13(a)
band. Again the proposed models of TI°(1) and shows the optical-absorption spectrum at 77 K of a
T19(2) are naturally consistent with the experimental KCI:TICI crystal after x irradiation at RT for 30 min.
observations and their explanation in terms of the The spectrum exhibits the characteristic F and K
known mobility of electrons and negative-ion vacan- bands (539 and 455 nm, respectively), as well as the
cies. bands of T1* (209 and 247 nm) and TI1**. No TI1°(0)

defects are produced at this temperature."3? Several
broad absorption bands of low intensity can also be

F. Optical absorption experiments distinguished around 278 nm, between 320 and 380
nm, and at 625 nm. By doing consecutive F bleach-
The electron and holg trapping properties of T1* ings at RT the intensity of the bands of the F and the
impurities in KCI have been studied by optical- TI2* centers decrease continuously [Figs. 13(b),
absorption and thermoluminescence measurements.! 13(c), and 13(d)]. An apparent shift of the F band
After vy irradiation at 77 K the absorption bands at- occurs from 539 to 552 nm, which indicates the pres-
tributed to the trapped electron center, TI°(0) (at ence of an additional absorption band around 555
380, 640, 1260, and 1500 nm), and to the trapped nm. During the F bleach new bands can be dis-
hole center, TI2* (at 220, 262, 294, and 364 nm), tinguished at 318, 378, 425, 460, 625, and 845 nm.

were measured. Recently®® the creation of an absorp-
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FIG. 13. Optical-absorption spectra of a KCLI:TICI crystal (concentration 0.8 X 102 mol%) (a) after 30 min of x irradiation at
RT, followed by a F bleach at RT lasting (b) 45 s, (c) 5 min, and (d) 13 min.
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Except for the latter two all of these bands increase
continuously, reaching a saturation level after several
minutes of bleaching. The bands at 625 and at 845
nm reach a maximum height after a few minutes,
and decrease afterwards to saturation levels of about
50% and 30%, respectively, of their maximum values.
The absorption at 318 nm is broadened toward longer
wavelength, indicating that another band around 340
nm should be considered.

KCl crystals with a lower content of TICI (less than
10~* mol %) were submitted to the same treatment:

x irradiation at RT followed by F bleaching at RT.
No ESR signals of thallium-type defects could be ob-
served, and the optical-absorption spectra exhibit
quite different patterns [Figs. 14(a), 14(b), and
14(c)]. After the x irradiation, besides the T1* and
the F bands, the absorption bands of the M R, and
R, centers are clearly visible. By illumination in the
F band the intensity of all these bands decreases con-
tinuously and three bands at 278, 378, and 460 nm
can be distinguished with intensities comparable to
those found in the KCLTICI crystals with a higher
doping level. This experiment proves that the ab-
sorption bands at 278, 376, and 460 nm cannot be at-
tributed to the TI® defects detected in ESR. It was
checked that the remaining absorption bands do not
belong to the T1F center, which possesses bands at
460, 860, and 1760 nm among which the latter one is
the most intense. No absorption could be detected in
the 1760-nm region.

Selective bleaching experiments with polarized light
were performed at low temperature inside the ESR
cavity. Samples of the usual TICI concentration were
x irradiated for 30 min and F bleached for 10 min at
RT. By this treatment only small amounts of T1>*
and F centers remain. The ESR spectra were mea-
sured with H Il (100) before and after an illumination
of the sample inside the ESR cavity at 7 =30 K, with

light polarized parallel to the magnetic field, at
wavelengths corresponding to the unidentified ab-
sorption bands. A third ESR spectrum was recorded
after a reorientation of the crystal with the other
(100) direction along the static field. From these
measurements a selective bleaching of a given orien-
tation or a reorientation, of the T1°(1) and T1°(2)
centers could be detected.

Changes in the number of T1° centers resulted
from illuminating at 318 nm [TI°(1) diminishes,
T1°(2) increasesl], at 340 nm [TI°(1) diminishes,
TI°(2) does not changel, at 425 and 845 nm [both
TI°(1) and T1°(2) increase] and at 555 and 625 nm
[T1°C1) does not change, TI°(2) diminishes). In gen-
eral isotropic changes in the intensity of correspond-
ing signals were observed. Only by illuminating at
340 nm a stronger bleaching in the perpendicular
component of T1°(1) ESR spectrum was detected.
From the above results we tentatively assign the
340-nm band to T1°(1) centers, the 555 and 625-nm
band to T1°(2) centers, while the 318-, 425-, and
845-nm bands should be related to other electron
trapped centers. From these bleaching experiments
one is tempted to relate the 318-nm band to the
T1°(1) center. However, another experiment
described below contradicts this assignment. Presum-
ably the broad optical absorption of T1°(1) at 340 nm
is responsible for the bleaching effect observed at 318
nm. The increase in the number of both T1°(1) and
TI°(2) defects by bleaching at 425 and 845 nm could
be explained by trapping at the precursor centers of
these defects of electrons released from the unknown
defects. Such a precursor center, namely, T17(1),
was shown to exist for the T1°(1) defect in Sec. VIE.
Alternatively a TI -type defect could be bleached,
which through the release of an electron would be
converted to a TI°(1) or T1°(2) defect. It should be
mentioned that even through long bleachings, only
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FIG. 14. Optical-absorption spectra of a low concentration ( <10™* mol%) KCI:TICI crystal (a) after 20 min of x irradiation
at RT, followed by an F bleach at RT lasting (b) 15 s, and (c) 5 min.
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relative changes of intensity of the ESR signals of
less than 20% were obtained for any bleaching
wavelength.

The following experiments were performed to
check the correlation between the height of the new
absorption bands and the ESR intensities of the T1°
spectra. A KCLTICI crystal was x irradiated during
30 min at 200 K, subsequently warmed up to 240 K
for 5 min, cooled down to 77 K and bleached for 15
min in the F band. As described earlier (Sec. VIE2),
T1°(2) ESR spectra are obtained after pulse annealing
to 240 K, but disappear completely during the F
bleach at 77 K. It was indeed found that the 625-nm
band, which we assigned to T1°(2), was absent from
the final optical absorption spectrum. (No check
could be done for the 555-nm band because it was
hidden under a huge F band.) The second experi-
ment was performed both in ESR and in optical ab-
sorption. After a 30-min x irradiation at 77 K [no
TI°(1) or TI1°(2) signals in ESR] the crystal is
warmed up to RT for 5 min [T1°(1) ESR spectra
have appeared, no T1°(2)], and finally F bleached at
RT for 30 min [the ESR spectra of T1°(1) decrease
slightly and those of TI°(2) become quite intense].
The 625-nm absorption band appears only after the F
bleach, together with the TI°(2) signals. However,
the 318-nm band, which from the bleaching experi-
ments could be related to TI°(1), disappears com-
pletely during the F bleach at RT, and is not correlat-
ed with the ESR signals of the defect.

VII. SUMMARY AND CONCLUSIONS

Two thallium atom-type defects called TI°(1) and
TI%(2), both possessing tetragonal symmetry around
(100) have been discussed in this paper. They are
produced in KCLTICI crystals by x irradiation at or
just below room temperature where negative-ion va-
cancies (also produced by the irradiation) are known
to be mobile. Extensive ESR data concerning the g
components, the hf components, and the linewidths
are presented and a detailed theoretical analysis of
these data is given. This theoretical analysis, based
on a relativistic many-body calculation of the T1°
atom, is particularly useful for the interpretation of
the hf data. Indeed, although the hf tensors of the
two TI® defects are comparable in magnitude to one
another, the qualitative features of the hf com-
ponents are quite different. This difference is quanti-
tatively explained by (i) incorporating a tetragonal
crystal field into the atomic calculation, and (ii) by
introducing a 35 to 45% delocalization of the 6p T1°
electron towards the ions immediately surrounding

the TI® atom. The charges producing the tetragonal
fields are found to be positive for both defects
strongly pointing to one or more negative-ion vacan-
cies as being responsible for the field. Furthermore,
the analysis shows that for a description of the T1°(1)
hf data a single positive charge is required, while for
T1°(2) two symmetrically placed positive charges are
needed. As a result it is proposed that in the T1°(1)
model a T1° atom on a positive-ion site is associated
with one nearest-neighbor negative-ion vacancy along
(100) and that in the TI°(2) model the TI® is flanked
by two-nearest-neighbor negative-ion vacancies along
(100). These models are fully confirmed by exten-
sive x-ray production data, thermal anneal data, and
optical-excitation experiments. The latter experi-
ments also provide convincing evidence for the ex-
istence of a TI*(1) defect consisting of a substitu-
tional T1" ion associated with a single nearest-
neighbor negative-ion vacancy. This T1*(1) center is
the precursor center under electron trapping of the
TI°(1) defect. Because it is diamagnetic it is not ob-
servable in regular ground-state ESR experiments.

Criticism may be leveled against the ad hoc manner
of introducing delocalization of the 6p electron be-
cause it is not self-evident that all the calculated con-
tributions to the hf interaction scale with the localiza-
tion factor. Nevertheless, this pragmatic approach
clearly works quite well in explaining the ESR data
and consequently the procedure finds its justification
in this agreement.

Finally, the exploratory optical-absorption investi-
gation has yielded a complex richness of optical-
absorption bands. The correlation of some of these
bands with the thallium defects described in this pa-
per will require further detailed study.
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