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A detailed electron-spin-resonance (ESR) study has been made of trapped electron centers in

KC1 doped with the ns2 metal ions M+ =Ga+, In+. X-ray irradiation at 77 K produces by simple
electron trapping the primary M atom defects which manifest themselves as linear symmetric
(100)-oriented MC12 molecule iona. Both centers exhibit a reorientation motion with very

low activation energy, and the relevance of this for the nonobservability of the primary Tl ESR
spectrum is discussed. An x-ray irradiation above 220 K, where negative ion vacancies become
mobile, leads to several complex M defects. Two of them, called M (1) and M (2), are
analogous to the Tl (1) and Tl (2) defects studied earlier, and their structures are confirmed:
In M (1) a M on a cation site is associated with a single anion vacancy, and in M (2) the M
is flanked by two anion vacancies. For both centers there is an appreciab1e delocalization of the

unpaired electron, An additional center, called Ga (axial), is shown to be in essence an

orthorhombic center which exhibits even at -10 K a rapid reorientation between two equivalent
Jahn-Teller distortions in a (100} plane. An analysis of the ESR parameters reveals reguiarlties

in the variation of the isotropic part of the M hyperfine interaction which can be related to the
even or odd character of the perturbing crystal field. Extensive data on the production and

thermal properties of the different defects are also given.

I. INTRODUCTION

Recently, the structure of several complex trapped
electron defects produced by x-ray irradiation in alkali
halides doped with ns' (n =4, 5, 6) heavy metal im-

purities have been extensively studied with electron-
spin-resonance (ESR). These investigations include
the Sn+(5p') (Refs. 1 and 2) and Sn (5p3) (Ref. 3)
defects both in KCl:Sn2+, Pb+(6p') in KC1:Pb2+ (Refs.
4 and 5) and most recently two Tlc(6pt) centers pro-
duced in KCl:Tl+. Besides purely spectroscopic data
these studies have already yielded a great deal of in-

formation about the structure of these complex de-
fects and about the mobility of positive and negative
ion vacancies and their interaction with the heavy
metal ions before and after electron trapping.

From the detailed experimental and theoretical
study on two complex Tl defects produced in
KCl:Tl+ by x-ray irradiation above 230 K it was possi-
ble to deduce the precise defect structures: the Tlo

on a cation site is in the one defect associated with a
single anion vacancy and in the other it is flanked by
two anion vacancies, However, in agreement with

many earlier attempts, ' this study did not yield the
ESR spectrum of the primary Tlo defect, i.e., a Tl oc-
cupying an unperturbed cation vacancy. The primary

Tl defect, formed by simple electron trapping of a
substitutional Tl+(6s2) impurity, has been identified
and thoroughly studied by optical techniques. '

The present paper contains an extensive ESR study
of comp1ex defects produced by x-ray irradiation of
KC1 doped with Ga+(4s2) and In+(5s'). ta This study
was undertaken with a threefold aim; first, to see
whether or not complex Ga and In defects are pro-
duced similar to the Tl ones observed in KC1:Tl+
(Ref. 6); second, whether the primary Gac and Inc
centers can be observed in ESR; and third, whether
the metal atom in its ground state is on a substitu-
tional lattice site or not. Recent optically detected
ESR studies of the relaxed excited 4s4p states of the
Ga+(4s') ion in alkali halides indicate an off-center
position of the impurity ion at least in the excited
state. "

The structure of the present paper is as follows. It
will be shown in Sec. III B that the primary Ga and
In centers are indeed observed in ESR and that they
manifest themselves as (100) oriented GaCI22 and
InC12 species, very similar to the primary SnC12
center in KC1:Sn +. ' Both defects will be shown to
possess a bond-switching reorientation motion
between (100) directions at low temperatures. In
Secs. III C and III D two Ga and two In defects will
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be discussed which are in all aspects identical to the
two Tl defects in KC1:Tl+. These results nicely con-
firm and strengthen the conclusions made in Ref. 6.
Section III D contains also results on a fourth Ga
and a fourth Ino defect called Gao (axial) and Ino

(ortho). It will be argued that for Ga' (axial) a fast
reorientation motion occurs between two equivalent
Jahn-Teller distortions in a (100j plane. The g and
hyperfine (hf) data of the different Gao and Ino

centers will be discussed within a simple crystal-field
picture in Sec. III E. An unrestricted relativistic
Hartree-Fock calculation of these parameters will be
presented in a forthcoming paper. All Ga and In
models will be extensively discussed in Sec. IV. Pro-
duction curves and thermal data for the different de-
fects will be presented in Sec. V. Section VI summa-
rizes the most important results obtained in this pa-
per and the nonobservability of the ESR spectrum of
the primary Tl is discussed.

II. EXPERIMENTAL

The Ga+- and In+-doped KC1 crystals used in these
experiments were grown in an HC1 atmosphere by

the Bridgman method. The Ga+ and In+ concentra-
tion varied between 50 and 150 ppm as measured by
flame-emission spectrophotometry. It is possible that
valence states other than the monovalent one are
present in the crystals.

Defects were produced at temperatures between 77
K and room temperature (RT) by short x-ray irradia-

tion (typically about 15 min) using a Siemens tube

operating at 50 kV and 50 mA. Before every irradia-

tion the samples were routinely warmed up to about
400'C for several minutes and then rapildy cooled
down to RT. The samples were always handled in

the dark. Experimental details on the X-band ESR
instrumentation can be found in Refs. 3 and 6.

III. PRODUCTION, DESCRIPTION, AND
ANALYSIS OF THE ESR SPECTRA

A. General remarks on the ESR analysis

of Ga (4p ) and In (Sp') defects

Of the ESR spectra that will be discussed the main
feature results from the hf interaction of the un-
paired electron with the Ga or In nucleus. Natural
Ga has two isotopes, Ga and "Ga, respectively,
60.2% and 39.8% abundant, both with nuclear spin

2

but with distinctly differing nuclear moments:
+2.0108 nuclear magnetons (p,~) and +2.5549@,~,
respectively. The quadrupole moment is small for
both Ga isotopes: +0.178 x 10 and +0.112
& 10 4 cm, The hf pattern resulting from the in-

teraction with the Ga nuclei is composed out of two
spectra of four nearly equidistant hf lines. The inten-
sity ratio between the two four-line spectra is 3:2.

The least intense ESR lines have the largest hf
separation. The '"In isotope is 95.8% abundant, has
nuclear spin 2, a large nuclear magnetic moment

(+5.5073y,~), and a sizable quadrupole moment
(+0.761 & 10 24 cm ). A 10-line ESR pattern results
from the hf interaction with the In nuclei. All lines
have equal intensity but the spacing between the lines
varies noticeably because of higher order hf and
quadrupole effects.

The ESR spectra of the various Ga and In centers
are fitted to following spin Hamiltonian (in the usual
notation):

— =—g g S+S A I +PI, (I)
go@a go

with S = —and I = —or —for the Ga or the In nu-
1 3 . 9
2 2 2

cleus, respectively. The quadrupole interaction,
represented by the last term, is not measurable for
the Ga defects because of its smallness, but the g
and hf parameters are readily obtained by fitting the
ESR spectra to a second-order perturbation solution
of (1). Indeed, the total hf interaction is much
smaller than the Zeeman term. The resulting hf con-
stants quoted in Tables I—IV correspond to the "Ga
isotope. As a check on the ESR parameters the ratio
of the 'Ga to the 6 Ga hf constants was calculated
for all Ga defects. This ratio was found to be equal
to p,~("Ga)/p, ~("Ga) =1.27 within experimental ac-
curacy. The situation for the In defects is different.
The hf parameter itself and the nuclear spin are so
large that the total hf interaction is of the same mag-
nitude as the Zeeman term. The g, hf, and quadru-
pole data of the In centers as given in Tables I—IV
result from a computer diagonalization of (1) em-
ploying a suitable fitting procedure. The ESR line
positions calculated with these parameters agree very
well, i.e., within 0.4 mT, with the experimental ones.
The absolute signs of the hf and quadrupole con-
stants cannot be determined from the ESR analysis as
such.

Throughout the present paper it is accepted that
one is dealing with atom defects and that only one
gallium or indium nucleus is involved in the defect
structure. The latter is proven by the observed
specific hf pattern which originates from a single nu-
cleus. The former can be justified by a reasoning
analogous to the one adopted in Ref. 6 where the
atomic character of the two Tl centers was establish-
ed. Furthermore, in Sec. III E a good description of
the ESR parameters of the different Ga and In de-
fects is given in terms of a single p electron substan-
tiating the atomic character.

B. Primary Ga and In defects: GaC12 and InC12

The primary Ga and In centers are readily pro-
duced by a short (about 10 min) x-ray irradiation of
the appropriately doped KC1 at 77 K. Figure 1
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FIG. 1. ESR spectra at T =12 K of the primary GaC12
in KC1:GaC1 produced by x-ray irradiation at 77 K. The first
derivative of the absorption is presented for two special
directions of the magnetic field H. Here as in Figs. 2 to 7
the microwave frequency v =9.16 GHz.

temperaturte is increased above 35 K. These obser-
vations point to a thermally activated internal motion
of the primary Ga' center, very likely a bond switch-
ing motion among the three (100) directions. ' We
did not observe a motional averaged ESR spectrum,
which should correspond to a GaC16 structure, pos-
sibly because the spin-lattice relaxation time becomes
too short at higher temperatures.

The ESR spectra of the primary In center recorded
at 10 K are given in Fig. 2. The seven-line shf pat-
tern originating from the interaction with two
equivalent Cl nuclei, superimposed on the 10-line In 0

hf structure, is readily recognized for every direction
of H, The lines broaden rapidly above 10 K and the
shf structure becomes unresolved when the observa-
tion temperature is increased above 18 K, strongly
suggesting an internal motion similar to the GaC12'
one. The primary In ESR spectrum is best observ-
able at temperatures lower than the one for the pri-
mary Gao, which suggests a stronger spin-lattice cou-
pling for the former, possibly induced by the rapid
reorientation motion.

It should be stressed that the primary GaC12 and
primary InC122 center are analogous to the primary
Tl defect [designated as' Tl (0) in Ref. 6] which, in
spite of extensive searches, has not yet been ob-
served in ESR at X-band frequencies. This is further
discussed in Sec. VI, A similar behavior is observed

8 =90' InLI,

P

presents the ESR spectra of the primary Ga center.
The lines are indicated by the angle 8 between the
static magnetic field H and the symmetry axis,
z II (100), of the defect. The ESR spectra which are

12found to possess axial symmetry were recorded at
K which is the temperature where they are best ob-
servable. A characteristic seven-line superhyperfine
(shf) structure with intensity ratios 1:2:3:4:3:2:1is su-
perimposed on the two four-line hf patterns originat-
ing from the hf interaction with the two Ga isotope
nuclei. The shf structure originates from two
equivalent Cl nuclei with no resolved isotope effects.
Chlorine has two isotopes "Cl (75.4% abundant) and

3"Cl (24.6'/o abundant) both with nuclear spin 2.
The seven-line shf structure persists for every value
of 8 and it is concluded that the primary Ga center
consists of a linear symmetric (100) oriented
(Cl Ga Cl ) molecule ion. The linewidth EHexhi-
bits a small anisotropy and is temperature indepen-
dent below 25 K. Above 25 K a rapid broadening oc-
curs. At 35 K the chlorine shf structure is no longer
resolved. The intensity of the ESR lines decreases
rapidly and the line positions move inboards if the

t

jJ

Q=O' InCl,

KCI: In CI
H //& I00&
T=10K

I I I I I I I I I I

K Cl: InCl
H I/& I I 0&
T=10K

6 = /5' InLI,

0.20 0.30 0.40
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I

0.50 0.60

FIG. 2. ESR spectra at T =10 K of the primary InC12 in
KC1:InCI produced by x-ray irradiation at 77 K,
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TABLE I. The spin-Hamiltonian parameters of the primary GaC12 in KC1:Ga+ at T =15 K
and of the primary ' InC12 in KC1:In+ at T =12 K. The ESR parameters of ' SnC12 (tetrag) in

KCl:SnC12 at 24 K are included for comparison. The hyperfine, superhyperfine, and quadrupole
parameters and the linewidth b, H are given in mT.

Center

MCl 2 [001]

A {M) ~ (M) a, (C1) a (Cl)'

[001] [001]

P(M) 50

GaCl, '-

InC12

SnC12

(tetrag)

1.988
+0.005

1.886
+0.005

1.8952
+0.0002

1.871
+0.005

1.551
+0.005

1.6494
+0.0002

+ 13.3
+0.5

+26.5
+0.8

+82.8
+0.2

—18.9
+0.5

—38.7
+0.1

—93.3
+0.6

+1.88
+0.03

+2.07
+0.04

+ 1.99
+0.01

—1.40
+0.05

—1.73
+0.08

—1.43
+0.05

—0.42
+0.1

0.85
+0.10

1.10
+0.10

0.60
+0.10

' Absolute signs determined from an analysis of the hyperfine data (see text). From Ref. 1.

for the corresponding series of divalent ns metal
ions in KC1. Indeed, primary SnC12 defects are ob-
served in KC1:SnClq awhile no PbC12 ESR spectra
have been found in KC1:PbC12 although here again
the primary Pb+ center is known to exist. '

The Gao(4p') and In'(Sp') on an unperturbed ca-
tion site in the KC1 lattice are expected to undergo a
Jahn-Teller distortion because of the threefold orbital
degeneracy of the 'P ground state. The fact that the
primary Ga and In centers manifest themselves as
linear symmetric GaC12' and InC12' molecule ions
shows that the lifting of the orbital degeneracy is ac-
companied by the formation of the two molecular
bonds.

The ESR spectra of GaC12' and InC12 were fitted
to spin Hamiltonian (1) to which the following term
(usual notation):

2

X S . a(Cl) .Tk

irradiation at 77 K. The Ga"(I ) ESR spectra at
T =45 K are shown in Fig. 3. An angular variation
study shows that the Gao(1) ESR spectrum possesses
axial symmetry around (100). The linewidth hH is
somewhat anisotropic [bH(8=0') =(2.9+0.1) mT
and AH(B=45') =(2.5+0.1) mTl and independent

Q =O' Ga'(1)

describing the shf interaction with two equivalent
chlorine nuclei, was added. The resulting ESR
parameters together with the SnC12 (tetrag) ESR
data' are shown in Table I. The g shifts are largest
for the defect with the heavier metal atom, i.e., with
the larger spin-orbit coupling. The Cl shf parameters
are very similar for all these centers.

0-45' Goo(1)

C. Ga (1) and In (1) defects

The so called Gao(1) and Ino(1) centers'2 can be
produced in two different ways. The most direct one
is by x-ray irradiation of KCl:GaC1 and KC1:InC1 at
RT. Gao(1) and Ino(1) are then produced together
with other Ga and In defects; the later will be dis-
cussed in the next section. Well isolated ESR spectra
of Gao(1) and Ino(1) are obtained by warming the
appropriately doped KCl specimens to RT after x-ray

I

0.29
l

0.31
I i I

0.33
H {tesla)

l I

0.35

FIG. 3. ESR spectra at T =45 K of Ga (1) in KCl:GaCl
produced by x-ray irradiation at 200 K and a subsequent
warmup to RT. Lines of Ga (2) are also visible.
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Q = O' In'(1) In (1) lowest field line

H//& I00&

0 - qO rn'())L
I I

6=45' In'(1)
1.0mT

FIG. 5. Lowest field line of Inn(1 i for H II (100) at
T =33 K. The second derivative of the absorption is
presented.

T= 48K

1

0.1 8

8=90' In'(1)!
I I I l t

0.26 0.34
H (testa)

!
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FIG. 4. ESR spectra at T =48 K of In (1) in KC1:InC1
pro ucroduced by x-ray irradiation at 200 K and a subsequent
warmup to RT.

of the observation temperature. The large linewidth
of Ga (1) distinguishes it from the other Ga centers.0

Close inspection of the line shape shows a hint of un-
resolved shf interaction.

Analogous features are observed for Inn(I) whose
ESR spectra at T =48 K are given in Fig. 4. A care-
ful study of the line shape clearly reveals the pres-
ence of unresolved shf structure. Figure 5 presents

the second derivative of the lowest field line for
H I) (100). The line shape is characteristic of an un-
resolved shf structure consisting of several equidis-
tant lines of equal intensity. Such a structure is in a
natural way provided by the 4-line shf interaction

3
with a single chlorine nucleus (I = —,). A computer
simulation of Fig. 5, using Gaussian line shapes and
neglecting isotope effects, yields a jgH = 1.2 for the
ratio of the shf parameter a to the reduced linewidth
SH.

The Ga (I) and Inn(1) were fitted to spin Hamil-
tonian (1) and the results are given in Table II. The
g and hf parameters of the analogous Tl (1) center0 6

are included for comparison. The similarity of the
results is readily recognized: 4g~~ = go —

g~! is smaller
than kg~=go —g~, both shifts being largest for the
atom possessing the largest spin-orbit coupling
[((Gas) =0.068 eV, ((In ) =0.199 eV and
$(TI ) =0.61 eV (Ref. 14)];!Ai~! is larger than!Ag!.
Ga (1) and In (I) resemble Tle(I) in every way.

TABLE II. The spin-Hamiltonian parameters of Ga (1) in KC1,GaCaC1 at T =67 K, of " In (1)
in KC1:InCl at T = an o—65 K d f 05T10(1} in KCI:TlCl at T =14 K. The hf and quadrupole parame-
ters and the linewidth 50 are given in rnT.

Center

Mo(1) [0011

A II{w}
[001]

A~{M}'

Ga'(1)

Tlo(1)b

1.998
+0.001

1.9837
+0.0005

1.7892
+0.0007

1.953
+0.003

1.848
+0.001

1.3077
+0.0005

+23.5
+0.1

+38,8
+0.1

+372 2c

+0.4

+5.2
+0.5

+7.6
+0.3

—201.1'
+0.2

—0.47
+0.10

2.7
+0.5

3.8
+0.5

2.7
+0.5

' Absolute signs determined from an analysis of the hyperfine data (see text).

' This is the traditional choice of signs. Although A& & 0 is quoted in Ref. ~ there is no i p

cy: The phase factors in Eqs. (16) of Ref. 6 lead there to a positive sign for A&.
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D. Other Ga and Inc defects: M (2),
Gao (axiao and Ino (ortho)

A short x-ray irradiation of KC1:GaCl and KKC1:InCl
at RT produces besides Gas(1) and Ino(1) two other
Ga and two other Inc centers. The ESR spectra of
these centers which will be called" Gac(2 and Ga'
(axial), and In (2) and Inc (ortho), cannot be well
separated from each other. Figure 6 presents t e
Ga (2) and Ga (axial) spectra at SS K. An angular
variation study shows that both Ga ESR spectra pos-
sess axial symmetry around (100). The linewidt s
of Ga (2) and Ga (axial) are comparable to one
another but are smaller by a factor of 3 than for
Ga (1). A small anisotropy of AH is observed for
G (2): AH(f)=0') = (0.80 +0.05) mT and
AH(t) =90') = (0.70 +0.05) mT. For Gao (axial)
one finds: EH(H =0') = (0.90 +0.05) mT and
d.H(8=45') = (1.10 +0.05) mT. No motional ef-
fects, such as shifts of the ESR line positions togeth-
er with a progressive line broadening are observed

~ '
t eoa'when the temperature is raised. Similarly, t e

(
'

1) ESR s ectrum remains unchanged down to
,—10 K).the lowest temperatures we could reach

The situation in KC1:InC1 is somewhat different.
In (2) has tetragonal symmetry around (100) just as
Ga (2), but In' (ortho) is found to possess
orthorombic symmetry with one axis along 001] and
the others along [110) and [110). The ESR spectra
of In (2) and In (ortho) recorded at 82 K are shown
in Fig. 7. In (1) is also visible in this figure: An ob-

d'fference in linewidth between the three n
centers is readily recognized. The linewidth of n ( )
is slightly anisotropic and about 0.8 mT; for In
(ortho) it is substantially larger, i.e., 1.3 mT.

The Ga (2) and In (2) defects are analogous to
h Tl (2) defect in KCI.' This is clearly seen by a

comparison of the spin-Hamiltonian parameteers
presented in Table III. For these centers one notices
that Ag~~ ( +gg, and IA pl ) IAgl. The latter is con-
trary to the hf behavior of the M (1) defects dis-

d
'

th preceding section. In a forthcoming pa-
per this inversion of the relative magnitude o t e
par arnerameters will be explained by making a detailed
unrestricted relativistic Hartree-Pock calculation of

Q=90' Ga'(2)

KCI:GaCI
H//& IOO&

T= 55K
8 =90' In'(2)

I I I I I I I I

KCt:InCt
H//& IOO&

T=82K

. I I

I
I I

I I

8= O' Ga'(oxiat)
I I

I I I I

I I I I

I I

i

@=45', ~-O' In'(ortho)

I I I

I
'I8= 90', I&

=90' In'(ortho)I

9= 45' Go'(axial)

I KCl: GaCI
H//& IIO&

T=55K

9 = 90' In'(2)
I I I . I I I I I I

I I I I I

g-45 In (2) KCt:InCt
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I

I

0.30
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0.32
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0.34
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I

0.36 0.38

FIG. 6. ESR spectra at T =55 K of Gao(2} and Gao (axi-
al} in KC1:GaC1 produced by x-ray irradiation at RT.

I

I I I

I

0.16

Q = 60', ~ =54,74' In'(ortho)

I

6= 90', p = 0'I In'(ortho)

0.26 0.36
H(testa)

I I

0.46 0.56

FIG. 7. ESR spectra at T =82 K of Ino(2} and In (ortho)
KC1'InC1 produced by x-ray irradiation at RT.RT. Lines of

In (1}are also visible.
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TABLE III. The spin-Hamiltonian parameters of 7 Ga (2) in KC1:Ga+ at T =55 K of In (2)
in KCl:In+ at T =60 K and of Tl (2) in KC1:Tl+ at T =14 K. The hf and quadrupole parameters
and the linewidth 40 are given in mT.

Center

Mo(2) [001]

A i~(M)'

[001]

a(M)

6ao(2)

Ino(2)

Tl (2)b

2.000
+0.001

1.992
+0.001

1.8694
+0.0007

1.962
+0.001

1.8872
X0.0005

1.4822
+0.0004

+2.2
+0.5

+2.5
+0.2

+ 113.8'
+0.1

—21.5
+0.1

—34.32
+0.05

-415 6'
+0.2

—0.30
+0,10

0.75
+0.05

0.80
+0, 1

0.75
+0.05

' Absolute signs determined from an analysis of the hyperfine data (see text).
From Ref. 6.' See footnote c in Table II.

the hf interaction including the presence of an ap-
propriate crystal field. 6

The ESR parameters of Gas (axial) are given in

Table IV. A peculiar behavior of the g va1ues is no-
ticed: b g~~ & Agz. This "inversion" is explained by a

motional averaging induced by a rapid reorientation
motion between two equivalent planar Jahn-Teller
distortions in a (100I plane (see Sec. III E).

The production and thermal properties of Ino

(ortho) and Gas (axial) are very similar to each other
(see Sec. V). The spin-Hamiltonian parameters of
Inc (ortho) are also given in Table IV. The devia-
tions from axial symmetry are small. The g shifts of
Inc (ortho) are clearly larger than the shifts of the
other In defects.

E. Discussion of the spin-Hamiltonian parameters

1. Crystal-field model

The g and hf parameters of the various Ga and In
defects will be discussed in terms of a simple crystal-
field model. " The group-III metal atoms have a sin-
gle p electron outside closed shells resulting in a
threefold orbitally degenerate P ground state. In or-
der to describe the observed ESR parameters the de-
fect environment is simulated by an axial crystal
field. This results in the lifting of the Porbital de-
generacy with an energy separation E. If the crystal
field, which is assumed to be much stronger than the
spin-orbit interaction, is such that there is dominant

TABLE IV, The spin-Hamiltonian parameters of 'Ga (axial) in KC1:Ga+ at T =53 K: (i) obtained from the motionally

averaged ESR spectrum; and (ii) reduced to the static center data (see text), and of" Ino (ortho) in KC1:In+ at T =65 K. The
hf and quadrupole parameters and linewidths 40 are given in mT.

Center Rz &x ~, (M)' ~„(M) ~, (M) P(M)

Ga (axial)

In (ortho)'

(i) 1.894
+0.001

(ii) 2.000
+0.003

1.967
+0.003

1.806
+0,003

1.947
+0.003

1.894
+0.001

1.695
+0.003

+23.9
+0.5

—3.7
+0.5

—6,4
+1.0

+35.7
+0.5

+ 10.1
+0.5

+23.9
+0.5

+36.6
+0.5

—0.45
+0.15

0.95
+0.05

0.95
e0.05

1.3
+0.1

' Absolute signs determined from an analysis of the hyperfine data (see text).
b For the Gas (axial): z il (001) in case (i). For case (ii) the z axis lies either along (100) or (110) in a plane perpendicular to

the z axis of case (i) ~' For the In (ortho): z II [110],x II [001], and y II [110].
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attraction along the symmetry axis, z, a nondegen-
erate ground state is obtained: the p, orbital is stabli-
ized against p„,p~. The g components of such a sys-
tem are readily calculated and up to second order in

g/E one has

~gti = go —gij =+ (2a)

~go=go —gz=+ 2 +
E2 (2b)

qrains) + pinp, ) (3)

Even though s mixing is not always allowed because
of symmetry it is included in (3) in order to be able
to account formally for the isotropic hf interaction.
A small amount of ns has a large influence on the hf
interaction through the Fermi contact operator. To
first order in g/E following expressions are obtained
for the hf components'~:

3+2p+ —Aggp (4a)

Ay = A —p+ —hggp (4b)

in which the isotropic part A, is

~ ~2 ~"
[q (0) (2

ET

3 I NS (Sa)

with g & 0, the spin-orbit coupling constant of the np
electron of Gao or Ino (see Sec. III C). The crystal-
field approach is strictly valid only when there is no
overlap between the metal atom and the immediate
neighbors. Inclusion of overlap will modify expres-
sions (2) considerably. '6'7

The ground-state orbital of the metal atom is taken
as

average is performed over the np orbital. Exchange
polarization effects can yield a negative value for A .

2. Discussion ofg

From the fitting of formulas (2) to the experimen-
tal g values given in Tables I—IV one can obtain an
idea of the energy separation E The results are
given in Table V. The separate fitting of g~~ and gj
yields different values for E, denoted by E~~ and E&,
respectively. The values of E~ are between 50% to
200% larger than E~~. This behavior points to the lim-
ited accuracy of Eqs. (2). This can have two causes.

First, E~~ is obtained from the' , rather small second-
order effects which can lead to substantial errors on
the resulting numbers. Second, from the discussion
of the hf parameters it will become clear that the un-
paired spin density on the heavy metal atom is re-
duced because of covalency effects with the sur-
roundings. Using Eq. (3) one can characterize such
delocalization effects by a localization factor P'. In
fact, one can write P~ =—fwhere f is the localization
factor introduced in Ref. 6 in connection with the
discussion of the g and hf components of the Tlo(l)
and Tlo(2) defects. This delocalization lowers the
value of E, and closer inspection indicates that Eq will

be reduced much more than E~~. An inspection of
Table V shows that the crystal-field energy separa-
tions are similar for corresponding Ga and In de-
fects, being about 1 eV as measured by Etl,. The fact
that one can describe the experimental g values by
expressions (2) in a semiquantitative fashion indi-
cates that the unpaired electron occupies a p, orbital.
For the Ga' (axial), the "static" g values, and for the
Ino (ortho) the g parameters in the axial approxima-
tion are used (see Secs. III E 5 and III E6).

and the anistropic part p is

(Sb)
3. Discussion of the +interaction

with p,~ and I the nuclear moment and nuclear spin
of the nucleus, ~qr„, (0) ~' the probability density of
the ns electron on the nucleus, and in (r 3) „~ the

Because 4gq is experimentally known one can use
expressions (4) to obtain the isotropic part A and
the anisotropic part p of the hf interaction. The signs
of the hf constants A

~~
and A q cannot be determined

TABLE V. Energy separations E~ and E~t (expressed in eV) resulting from fitting formulas (2)
to the experimental g& and g~~ values, respectively.

Center Center

GaC 122

ao(1)
Gao(2)

Gao (axial)

1.08
2.78
3.40
1,28

0.57
1.03
1.42
1.42

InC1 2

Ino(1)
In (2)

Ino (ortho)

0.97
2.65
3.55
1.67

0.58
1.46
1.95
1.06
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TABLE VI. Anisotropic part p and isotropic part A of the hf interaction (both expressed in
mT) of the various Gao and Ino centers resulting from fitting Eqs. (4) to the experimental 3& and

A~~ values. The signs of y=A&/A~~ are also given.

Center Center

GaCl 2

Gao(1)

Ga'(2)
Gao (axial)

—1.42
—0.22
+0.22b
—9.98
—6.46

+9.0
+8.9
+5.7
+7.4
+7.9

—6.3
+5.1

+11,7
—13.1
—13.3

InC 122

Ino(1)

In (2)
Ino (ortho)

—1.46
—0.20
+0.20b

—13.73
+5.65

+ 12.7
+ 12.4
+8.4

+ 10.4
+ 10.4

—7.4
+ 11.1
+20, 1

—20.0
—18.2

' The free atom values are p(Ga ) =14.8 mT and p(ln ) =20.3 mT (Ref. 18).
The analysis of the hyperfine data suggests that this may be the correct sign for y,

from the ESR analysis alone. Therefore one has to
investigate all sign combinations. The qualitative
features of the ESR spectra and the similarity of the g
shifts indicate that the localization P' of the unpaired
electron on the Ga or the In should be comparable
for all defects, and this should result in comparable p
values. For y =A JA ~~

negative one finds p values
close to 8.3 and 11.5 mT for the various Ga and In
defects, respectively (see Table VI). However, one
notes that 1~~~1 && IA&l for Ga (I) and In'(1) and
taking y positive in this case does not alter too drasti-
cally the p value as Table VI shows. Thus it is con-
cluded that y = A|/A ~~

is negative for all the Ga and
Ino defects, except maybe for Gao(1) and In (I)
where y & 0 remains a possibility. In a forthcoming
paper' where the results of a relativistic many-body
calculation of the Ga and In hf structure will be
presented it will be argued that the last sign combina-
tion for Gao(1) and Ino(1) could be the correct
one. In the same paper values are obtained for p of
the free Gao and In' atoms, i.e., p(Ga') =14.8 mT
and p(lno) =20.3 mT. Using these values in Eqs.
(5) together with the experimental data of Table VI
yields the following localization factors: P' =0.61,
0.39, 0.50, and 0.53 for GaC122, Gao(1), Gao(2) and
Gas (axial), respectively. Similarly one finds
P2 = 0.63, 0.41, 0.51, and 0.51 for InC12', Ino(1),
Ino(2), and Ino (ortho). These localization factors
are somewhat smaller than the f values to be
presented in Ref. 18 but they show the same trend
and variation.

The A values are also given in Table VI. A strik-
ing feature are the large positive 3 values for the
Gao(1) and Ino(1) defects irrespective of the sign
chosen for y =HI/A, ~. This is probably due to a

strong first-degree field which results in a substantial
positive contribution to the isotropic hf interaction
through the mixing of ns into np, . An important ob-
servation which has a bearing on the models of the
Gao and In defects is that the magnitude and sign of

seems to reflect on whether or not the impurity
atom has a defect environment possessing inversion
symmetry.

4. Discussion of the Cl shf interaction

TABLE VII. Anisotropic part p and isotropic part a of
the chlorine shf interaction (expressed in mT) resulting
from fitting Eqs. (4) to a& and a~~ of GaC12 and InC12

for y =a&/aI~ positive and negative. The latter is argued to
be the correct sign. SnC12 data are included for compar-
ison.

Center y)0 y(0
a

GaC122

InC 122

SnC12 (tetrag)

+0.16
+0.11
+0.19

+ 1.56
+ 1.84
+ 1.62

+ 1.09
+ 1.27
+ 1.14

—0.31
—0.46
—0.29

In the same way as the Ga and In hf parameters
were discussed, the Cl shf constants of the GaC12'
and InC12' defects can be handled. In Table VII the
isotropic part a and the anisotropic part p of the Cl
shf interaction are given for aq/a~~ positive and nega-
tive. Expressions (4) are used with Ag&=0. If aJ/cl~(
is taken to be positive than p is around 0.15 mT.
This can be compared to the p of the C12 V~ center
which is 3.23 mT in KCl. ' It is concluded that for
this choice of sign about 5% of the electron spin den-
sity is on the chlorines and 95% is on the central
metal atom. If, however, aq/a~~ is taken to be nega-
tive, p is around 1.2 rnT and only 70% of the un-
paired electron spin density is on the Ga or In .
This latter choice of sign is considered to be the
correct one because it agrees with the localization fac-
tor P2 =0.6 obtained in Sec. III E3.
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5. Ga (axial)

As pointed out in Sec. III D the Ga (axial) center
has the unusual property that Agl~ is larger than Ag&.

There is no way to explain this except if one accepts
that a fast internal motion occurs between two

equivalent positions in a plane perpendicular to an
axis which, in the frozen in or static center, corre-
sponds to a gq or an A j direction. The g and A

parameters of Gas (axial) as measured from the ESR
spectra are then motionally averaged values, which
are here denoted by (g ) and (A ). They can be ex-
pressed as a function of the parameters of the static
center:

1
(gtt) =gi, sta ~ (gl) g (gll, sta+gJ, ta)s.

molecular orbital of GaC12' is composed out of a 4p,
function on the Ga and two s-p hybrids, one on each
Cl ion, forming a bonding cr„ type orbital. " The
bond-switching internal motion of the primary
GaC12 and InC12 defect indicated by the tempera-
ture dependence of the ESR spectra is also allowed
by the model of Fig. 8(a). Because there is no per-
turbing defect in the immediate neighborhood of the
molecule ion every (100) direction is equivalent, and
a three-dimensional jumping motion between the
three (100) direction can occur.

If the bond-switching motion is a normal thermally
activated process it is described by

~e-b E/kT

with analogous formulas for (A ). The spin-
Hamiltonian parameters for the static center can be
deduced from Eqs. (6). One obtains gtt „,=2.000
and gj „,=1.894. These are comparable to the g
values of the other Ga centers which lends support
to our interpretation. The determination of the static
hf parameters is some~hat less straightforward as the
sign of (A ) cannot be determined from the ESR
analysis. If the signs of (Att) and (Aq) are different
one obtains lA tt „,l

=44.1 mT and lA& s«l =23.9 mT.
If (A tt) and (Aq) possess the same sign, then
I& tt, .t. l

=3.7 mT and I& i, .t. l
= 23 9 mT. The latter

parameters are accepted as being the correct ones be-
cause their sizes are more in line with those of the
other Ga defects and because their analysis gives the
most reasonable p and A values.

6. In (ortho)

with R the reorientation frequency of the GaC12' or
InC12' defect, s the frequency factor, and AE the ac-
tivation energy. At the temperature that the
linewidth starts to broaden, i.e., at 25 K for GaC12
and around 10 K for InC12, R is about 5 &10 Hz. '9

Taking s =1 && 10"Hz as a representative frequency
factor one calculates hE from Eq. (7) to be —0.028
eV for GaC12 and -0.011 eV for InC12 . Both ac-
tivation energies are low. If AE is known one can es-
timate the temperature at which the motion freezes
in. For GaC12 this is around 10 K, and for InC12'

this temperature is in the neighborhood of 4.2 K.
One, may wonder, especially in the case of InC12
whether it is still possible to have an Arrhenius type
motion at such low temperatures. It is more likely
that one is dealing with a one or two phonon-assisted
tunneling motion. Polarized optical absorption mea-
surements and uniaxial stress experiments at liquid-
helium temperatures may clarify this matter.

Deviations from axial symmetry of the Ina (ortho)
spin-Hamiltonian parameters are small. In the dis-
cussion of the g and hf constants, the parameters
resulting from an axial approximation are used:
gt= —,(g„+gr) and Aq= —,(A„+Jr).1 1

IV. MODELS FOR THE Ga AND In DEFECTS

A. Primary Ga and In centers:
GaC12 and InC12

+ (~ 1 +
C~

— Ga,'-
+ r i +

x ~

+ ~ +
/ 01- tGa I
) 4

+ i ~ l +

The model for the primary Gao and Ino centers can
be derived from the ESR data. It is depicted in Fig.
8(a) for the Gas case; it consists of a linear sym-
metric (100) oriented (Cl GaaCI ) molecule ion with
no perturbing defect in the neighborhood. Note in
passing that the Gas(4pt) is perfectly on center here
in contrast to the Ga+ in its excited 4s4p state. " The
model is identical to the one proposed for the
SnC12 (tetrag) center in KCI:SnCI2. ' The ground

Ga Clz Ga'(1 j Ga'(2 j

(b) (cj
FIG. 8. Schematic two-dimensional models of the

MCl22, M (1) and M (2) centers. Shown are (a) the pri-

mary GaC12, (b) Ga (1), and (c) Ga (2). The primary

MC12 manifests itself as a linear symmetric molecule ion.
This is indicated by the dotted line.
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B. Ga (1) and Ino(1) centers

The ESR data strongly imply that Gao(1) and
Ino(1) possess the same defect structure. In Fig,
8(b) the model for Gao(1) is depicted: it is identical
to the Tlo(1) model. 6 It consists of a Gao on a cation
site with a single negative ion vacancy in a nearest-
neighbor position along a (100) direction. Support-
ing evidence for this structure is furnished by the ob-
served shf interaction with a single chlorine nucleus
(see Fig. S) provided by the substitutional Cl [indi-
cated inside the dotted line in Fig. 8(b)l. The as-
sumption that a single negative-ion vacancy is in-
volved is further based on production, isothermal,
and isochronal pulse anneal experiments (Sec. V).
The observed (100) axial symmetry is further deter-
mined by the negative ion vacancy.

C. Gao(2) and Ino(2) centers

The model of Gao(2) and Ino(2) is presented for
the former in Fig. 8(c). It is identical to the Tlo(2)
model. The impurity atom, on a cation lattice site, is
flanked by two negative ion vacancies in a (100)
direction. The model has the correct symmetry:
tetragonal around z II (100). The narrow ESR lines
are explained by the fact. that the (100) oriented p,
lobe of the impurity atom does not overlap with any
chlorines. The presence of negative ion vacancies is
further supported by several production and thermal
anneal experiments (see Sec. V).

A confirmation for the proposed models for the Tlo

defects could be gotten from relativistic many body
calculations of the hf interactions including the effect
of an appropriate electrostatic potential. It was shown
that a first-degree crystal field gives (A ~~( ) (Aq( and a
second-degree field yields (2 ~~( ( )Aq( corresponding
to the experimentally observed behavior of the hf
parameters of Tlo(1) and Tlo(2), respectively. 6 A
first-degree field is provided by a single negative-ion
vacancy and two negative-ion vacancies alongside the
impurity induce a second-degree field only; this con-
firms the proposed defect structures. Analogous cal-
culations to be presented in a forthcoming paper'8
lead to the same results for Ga and In defects.

D. Gao (axial)

In Sec. III D it was shown independent of any
model for the Gao (axial) center that its observed g
components could only be explained by a rapid
reorientation motion between two equivalent orienta-
tions in a (100) plane. The observed motionally
averaged g and A constants were transformed into
static center data corresponding to axial symmetry

+ ~ +
— G(1'-
+ ~ +

+ +

+

+ (j(1 +

(b)

+ ~ +

+ me

+ $(1 +

(c)
FIG. 9. Schematic representation of three possible models

of Ga (axial). In the favored models (b) and (c) the Ga
atom is located on an anion site. The building blocks in (b)
are the same as for Ga (1) in Fig. 8(b), and the same holds
for (c) and the In (ortho) model in Fig. 11(c). Model (a)
is argued to be an unacceptable one.

with a z axis in a (100) plane. Although this must
represent an approximation to orthorhombic sym-
metry, it was no hindrance in the formal analysis of
the hf components, the results of which are given in
Table VI. In searching for models for Gao (axial)
one must consider only those that permit a motion
confined to a (100) plane.

Figure 9(a) presents a simple model in which a Gao

on a positive ion site is perturbed by a next-nearest-
neighbor (NNN) positive ion vacancy, (+), along
(100). This model which allows a motion in a (100)
plane perpendicular to the Gao —(+) axis is not ac-
ceptable as the fo11owing arguments show. The struc-
ture in Fig. 9(a) is identical to the well established'
structure of the Sn+ (+, NNN) center shown in Fig.
10(b). Such a center manifests itself as a SnC12
molecule ion whose molecular axis, z, is perpendicu-
lar to the (100) plane of the figure. The NNN posi-
tive ion vacancy represents a weak perturbation, just
enough to induce the observed orthorhombic sym-
metry of the Sn+ (+,NNN) center with the x and y
axes along perpendicular (100) directions. Conse-
quently, for the proposed model in Fig. 9(a) one
would expect to see a GaC12' molecule ion with the
molecular axis z perpendicular to the plane of the fig-
ure and possessing a small orthorhombic distortion
induced by the positive-ion vacancy. This is not ob-
served even at —10 K. The Sn+ (+, NNN) center is
known to possess a motion between two equivalent
(100) orientations in a (100) plane perpendicular to
the Sn+ —(+) axis, the so-called "propeller"
motion. The activation energy for this motion is vir-
tually identical to the one of the unperturbed Sn+
(tetrag) center [see Fig. 10(c)] which has a structure
identical to the primary GaC12' center. One expects
a similar behavior for the GaC12' centers. Because
as shown in Sec. IV A, the primary GaC12 center is
frozen in at 10 K, one expects the same for the
model in Fig. 9(a). Thus for this structure no rapid
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+ +
- Sn'-
+ ~ +
Sn'(, nn)

+ ~ +
— Sn'-
+ ~ +
Sn'(, nnn)

+ +
- Sn'-

Sn'(tetrag)

FIG. 10. Schematic two-dimensional models for (a) Sn+
(+,NN), (b) Sn+ (+,NNN), and (c) Sn+ (tetrag). The
Sn+ defects manifest themselves as linear symmetric SnC12

molecules; the molecular axis is oriented perpendicular to
the plane of the figure (from Ref. 1).

rier between the two equivalent (110) distortions in
the {100}plane is sufficiently small, a fast phonon-
assisted jumping motion may occur between them
producing a motionally averaged ESR spectrum. An
argument against this model (but favoring the fore-
going one) is that two positive ion vacancies are re-
quired. If Fig. 9(c) represents the true model then
one has to accept either that cation vacancies are
grown into the crystal as charge compensators for ox-
idized impurities such as Ga3+, or that a sizable
amount of Ga centers on anion sites have been pro-
duced which have released the positive ion vacancy
originally occupied by the Ga+.

F. In (ortho) center

reorientation motion at 10 K is expected to occur,
which would be necessary to produce motionally
averaged ESR parameters. Another reason for reject-
ing the model in Fig. 9(a) is that Sn+ (+,NNN)
possesses a lower thermal stability than Sn+ (tetrag),
while one would have to have to accept the opposite
for the corresponding GaC12 centers (see Sec. V).

Another possible model for Gao (axial) is present-
ed in Fig. 9(b): A Gao on an anion site is perturbed
by a nearest-neighbor (NN) positive ion vacancy.
The building blocks of this model are the same as for
the Gao(1) center presented in Fig. 8(b), but in Fig.
9(b) the Gao occupies the negative ion vacancy. If
this model is correct then each vacancy must define a
potential well for the Ga both separated by a suffi-
ciently large potential barrier. One of the positions
will be an absolute minimum and if the potential bar-
rier can be crossed one configuration will be convert-
ed into the other. The pulse anneal data to be
presented later in Sec. V show that Ga' (axial)
possesses lower thermal stability than Ga (1). One
observes that because of its narrower linewidth Ga
(axial) is present in a much smaller amount than
Gao(1). Thus its decay may not result in an observ-
able increase of the Gao(1) intensity. Furthermore,
the two decay temperatures are sufficiently close to-
gether so that any formation of Gao(l) out of Gao
(ax'ial) may already be overwhelmed by its own ther-
mal decay.

Figure 9(c) presents another possibility for Gao

(axial). Here a Ga on a negative ion site is flanked
by two positive ion vacancies along z Il (100). Just as
in the previous model, the negatively charged cation
vacancies raise the energy of the p, level, leaving a
twofold orbitally degenerate {p„,p„} set in the {100}
plane perpendicular to z axis defined by the two va-
cancies. A planar Jahn-Teller distortion will lift this
degeneracy and very likely the resulting ground orbi-
tal will be oriented along a (110). If the energy bar-

The production and decay properties of the Ga
(axial) and Ino (ortho) centers to be presented in Sec.
V are very similar to each other and this could sug-

gest a similar structure for ..both. Moreover, the ESR
parameters also show an analogous behavior as can

be seen from Tables V and VI. In the foregoing
subsection it was argued that Gao (axial) is in

essence an orthorhombic center but because of
motional averaging in a {100}plane it looks like an

axial center. In fact one can propose for Ino (ortho)
the same models as presented for Gao (axial) in Figs.
10(b) and (c) but with the understanding that the
two-dimensional Jahn-Teller effect in the {100}plane
is a strong one, localizing the ground state into a

(110) direction even at temperatures as high as the
Ino (ortho) decay temperature. However, the ab-

sence of observable motional effects for Ino (ortho)
may equally well mean that its structure does not per-
mit them, which raises the question why no defect
analogous to Gao (axial) is observed in KCI:In+.

Figures 11(a)—11(c) present therefore a few other
models for Ino (ortho) which appear possible and
reasonable. The difference between the models of
Figs. 11(a) and 11(b) is the presence of a positive ion
vacancy in the (110) direction of Fig. 11(b). The
model of Fig. 11(a) puts the Ino on a cation site and
uses only negative ion vacancies. If this model is the
correct one, one must accept that two different con-
figurations of the negative ion vacancies around the
In can exist, because the building blocks of the
model in Fig. 11(a) are the same as for the linear
Ino(2) model shown in Fig. 8(c). If the positive ion
vacancy is also present [see Fig. 11(b)] it can act as a

glue reducing the repulsion between the two negative
ion vacancies. In both cases the In has to move to
the symmetric position in order to obtain the correct
orthorhombic symmetry: the In must lie off center
exactly half way between the negative ion vacancies.
The model of Fig. 11(c) is in a sense the opposite of
Fig. 11(b): the positive ion vacancies are replaced by

negative ones and vice versa. Notice again that the
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l2 VKcenter

FIG. 11. Schematic representation of three possible
models of In~ (ortho); still other models are discussed in the
text. The In atom is in a symmetric off-center position in
the three cases. In (a) the building blocks are the same as
for In (2) in Fig. 8; in (c) they are the same as for Ga (ax-
ial) in Fig. 9(c).
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building blocks of the model in Fig. 11(c) are the
same ones as used in Fig. 9(c) which is one of the
two proposed models for Gao (axial).

Another simple and possible Ino (ortho) model not
presented in a figure is an In atom on an unper-
turbed anion site. Such a system must undergo a
Jahn-Teller distortion and if this would be an
orthorhombic one with at least one axis along (110)
then this model could be an acceptable one. Only de-
tailed calculations will be able to substantiate or re-
fute this model.

One can also construct models with an In on an
anion site either associated with one, or flanked by
two anion vacancies along (110). Because these
models involve only anion vacancies, repulsive forces
will be strong and it seems unlikely that these would
represent stable centers. The ESR data already dis-
cussed and the production and thermal data to be
presented in Sec. V have not permitted us to be more
specific and the Ino (ortho) model is still much an
open question.

FIG. 12. Production at 77 K of the primary In defect in
KC1:InC1 as a function of the x-ray irradiation time. The
primary GaC12 defect in KC1:GaC1 behaves analogously.
Formation of the Vk center is also indicated.

curve for the C12 V& center is also presented and a
rapid growth within the first 10 min of the irradiation
is observed. GaC12 behaves similarly to InC12

Because GaC12 and InC12' are produced in large
quantities by short x-ray irradiations below 230 K it is
concluded that the formation proceeds by direct trap-
ping of an electron by a substitutional Ga+ or In+.
Indeed, interstitial chlorine ions or atoms have a
much slower production rate (by about an order of
magnitude) than electrons and furthermore negative
and positive ion vacancies are not mobile below 230
K 6, 21

B. Formation at RT of the various
Gao and Ino centers as a function

of the x-ray irradiation time

V. PRODUCTION AND THERMAL PROPERTIES
OF THE Gao AND Ino DEFECTS

A. Formation of the primary GaC122 and

InC12 by x-ray irradiation at 77 K

X-ray irradiation of KC1:GaC1 and KC1:InCl at 77
K produces besides, e.g. , the Vg center, '7' 0 the pri-
mary GaC12 and InC12 . Only a small amount of
Ga2+ and In2+ defects are formed; most of the holes
released in the crystal are trapped as V~ centers.

The formation of the primary GaC12' and InC12'
was studied as a function of the x-ray irradiation time
at 77 K. The results are depicted in Fig. 12 for
InC12 . The rate of formation of InC12' is high at
the beginning of the irradiation. After about 20 min
the production of InC12' levels off. The production

Iri order to study the production of Ga and In de-
fects obtained by x-ray irradiation at RT an experi-
ment similar to the one described in the foregoing
section was performed. Figure 13 gives the produc-
tion curve of Ino(1), Ino(2), and Ino (ortho) as a
function of the x-ray irradiation time at RT. All In
centers are initially rapidly formed by x-ray irradia-
tion. The Ino(1) concentration reaches a maximum
at about 12 min, after which it decays slowly. The
rate of formation of Ino(2) is slightly lower than of
Ino(1). The Ino(2) intensity reaches a saturation
value after about 20 min. For Ino (ortho) a some-
what slower production rate is observed. More than
half of the Ina (ortho) defects, are created within the
first 20 min of the irradiation. The formation charac-
teristics of the Gao centers are similar to those of the
In centers. In particular the production curve of Ga
(axial) behaves similarly to that of Ino (ortho), possi-
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FIG. 13. Production at RT of Ino(1), Ino(2), and In0

{ortho) as a function of the x-ray irradiation time. The for-
mation of Ga (1), Ga (2), and Ga (axial) proceeds analo-
gously.
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FIG. 14. Production of In (1), In (2), In (ortho), and
the primary InC12 in KC1:InC1 as a function of the x-ray ir-

radiation temperature. After quenching the specimen from
400'C it was x-ray irradiated for 15 min at every measuring
temperature. The same experiment on KC1:GaCl leads to
analogous results.

bly pointing to a similar formation mechanism for
both defects.

The models presented in Sec. IV are in agreement
with the experimental results. The somewhat slower
production rate of Ino(2) and Ino (ortho) compared
to Ino(1) is due to the following: (i) the creation of
Ino(2}, and maybe also Ino (ortho), requires a
reasonable Ino(l) concentration; and (ii) the availa-

bility of a second negative or a positive ion vacancy.
In'(1) can be formed in two different ways: trapping
of an electron by the impurity metal ion and a subse-
quent stabilization of a negative ion vacancy or vice
versa. It is possible that both processes occur.

I

C. Production of Gao and Ino centers by

x-ray irradiation at various temperatures

To get further information on the production
mechanism of the Ga and In centers the following
experiment was performed. At successive tempera-
tures between 220 and 340 K the appropriately doped
KCl crystal was x-ray irradiated for 15 min. After
each x-ray irradiation the ESR intensities of the Ga
and In centers were recorded. Before each cycle of
the experiment the initial state of the crystal was re-
stored by heating the crystal to about 400'C and
quickly quenching it to RT. The results are shown in

Fig. 14 for KC1:InC1. Several features are apparent:
(i) InC12 is only formed by x-ray irradiation at
"low" temperatures, i.e., between 77 and 250 K; (ii)
the onset temperatures of formation of Ino(1),
Ino(2), and Ino (ortho) are above all 230 K, respec-
tively, at 240, 260, and 290 K; (iii) the distinct max-
imum production temperatures are at about 280 K
for Ino(1) and Ino(2), but at 300 K for Ino (ortho);
and (iv) no In' centers are formed in appreciable

I

amounts above 330 K. Essentially the same features
are found if the experiment is repeated on KC1:GaC1.

The experimental observations are in agreement
with the models proposed for the Ga and In defects.
Specifically, because it is assumed that a negative ion
vacancy is part of the Ino(l), Ino(2), and maybe also
the Ino (ortho) defect structure, these centers are
only produced above 230 K, the temperature at
which negative ion vacancies become mobile. A
higher onset formation temperature of Ino(2) and Ino

(ortho) is reasonable if we recognize that the produc-
tion of both centers involves a certain amount of
In'(1) and the occurrence of a secondary process
such as the trapping of a second negative ion vacan-
cy. Here it is implied that Ino(1) is the intermediate
step in the formation of Ino(2) and Ino (ortho).
Ino(1) is electrically neutral and consequently it can
trap negative as well as positive ion vacancies. A

jump of the atom into the negative ion vacancy could
occur at high temperatures. The decay of the In de-
fects above 300 K could be due to processes such as
trapping of an electron leading to In centers which
are diamagnetic and not observable in ESR.

D. Pulse anneal experiment after
x-ray irradiation at 77 K

Figure 15 presents a pulse anneal experiment
between 190 and 310 K of KC1:GaC1 irradiated at 77
K for 15 min. This treatment produces among other
defects, GaC122 and V~ centers. ' Around 210 K
the V& center decays and the resulting mobile holes
are retrapped mostly by Ga+ impurities to form
Ga2+ (not shown on the figure) and some by

GaC12' . The former process explains why the drop
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FIG. 15. Pulse-anneal experiment between'190 and 310 K
on a KC1:GaC1 specimen which was x-ray irradiated at 77 K
for 15 min. The crystal was held for 5 min at every measur-
ing temperature.

in intensity of GaC12' between 200 and 240 K is
rather small. Above 240 K GaClq' becomes ther-
mally unstable, the electrons released in the crystal
are partly trapped by Ga'+ restoring some of the ini-

tial Ga+ concentration.
Yet another process can happen. Negative ion va-

cancies which have been created by a short x-ray irra-

diation at 77 K, as the complementary reaction prod-
uct of interstitial chlorine ion formation, become
mobile above 230 K and are trapped by GaC12' .

This results in a further decay of GaC12 and the
formation of Gao(1) between 250 and 270 K. Fur-
ther heating of the crystal does not produce oth'er
Gao defects. Only a small amount of Ga'(1) is

formed by this procedure probably, (i) because most
of the GaC12~ have thermally decayed around 260 K
and a lot of GaC1~ is lost in the production of
Gao(1), and (ii) because only a limited number of in-

terstitial chlorine ions and thus a limited number of
negative ion vacancies are produced by the short x-

ray irradiation at 77 K. The latter might also explain
why only Gas(I) is produced.

If a pulse anneal was performed on KCl:GaCl
which was x-ray irradiated at 220 K then Gao(2) is

produced in sizable amounts (see Fig. 16). This is

probably because of a higher production of negative
ion vacancies by the x-ray irradiation at 220 K. In
this annealing experiment one also observes a higher
onset temperature of formation of Gao(2) compared
to Gao(l ), in general agreement with production data
presented in foregoing sections. It is noteworthy that
Gao (axial) is not produced by this procedure.

Analogous pulse anneal experiments on KC1:InC1
x-ray irradiated at low temperatures ( (230 K) do
not lead to higher concentrations of In defects. A
subsequent optical bleaching of the F centers, howev-
er, yields the Ino(1) ESR spectrum. This indicates

230 250 270 290
TEMPERATURE (K)

310 330

that a precursor center exists consisting of an In+ and
a single negative ion vacancy in a nearest-neighbor
position. Such type of a precursor center, which may
be called In+(1), "was also identified in KCl:Tl+. '

E. Isothermal anneal at different temperatures
after x-ray irradiation at 77 K

In order to establish more clearly the relation
between GaClq' and Gao(1) and to illustrate the role
of negative ion vacancies in the formation of Gao(1)
the following experiment was performed. After a 15
min x-ray irradiation at 77 K of KC1:GaC1 two iso-
thermal anneals at, respectively, 230 and 245 K were
performed. The temperatures were chosen in this re-
gion, where the negative ion vacancies become
mobile.

The results are given in Fig. 17. The anneal at 230

Gael z~
2

I
C

La

LU

KCI: Ga+
T= 230K

20 40
TIME (min)

60 80

FIG. 17. Two isothermal anneals of a KC1:GaC1 specimen
which was x-ray irradiated for 15 min at T =77 K. (a)
T =230 K and, (b) T =245 K, i.e., in the temperature re-
gion where negative ion vacancies becotne mobile.

FIG. 16. Pulse-anneal experiment between 230 and 330 K
on a KC1:GaC1 specimen after x-ray irradiation at 220 K for
15 min.
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K [Fig. 15(a)] shows that GaC122 decays slowly very
likely because of its own thermal instability, i.e., it
loses an electron. No Gao(1) defects are formed:
the negative ion vacancies are not yet sufficiently
mobile. If the annealing temperature is 245 K [Fig.
15(b)l then GaC12~ decays more rapidly (half of
maximum intensity is reached in about 17 min) and
Gao(1) is now formed (half of maximum intensity
after about 23 min), pointing to the availability of
mobile negative ion vacancies, which are trapped by
GaCIP and form Ga'(1).

F. Pulse anneal experiment after
x-ray irradiation at RT

A short x-ray irradiation of KC1:InC1 at RT pro-
duces Ino(1), Ino(2), and Ino (ortho). A pulse an-
neal experiment between 310 and 450 K was per-
formed in order to establish the thermal stabilities of
the In centers. The results are depicted in Fig. 18.
It is noticed that the various In defects decay at sub-
stantially different temperatures. Ino (ortho) is pro-
duced only by x-ray irradiation above 290 K and its
decay tempesature is around 335 K. The Ino(2) de-
fect disappears around 370 K. The decay of Ino(1)
proceeds in two steps. Between 350 and 380 K a
pronounced drop of the Ino(1) concentration is no-
ticed, but at still higher temperatures (440 K) the fi-
nal disappearance is observed. The first step at 365
K must involve the decay of another defect not ob-
servable in ESR.

A similar experiment was performed on KC1:GaC1.
The same qualitative features for the decay of
Gao(1), Gao(2), and Gao (axial) are observed. In
particular it is noticed that the decay temperature of
Gao (axial) corresponds to that of Ino (ortho).

x—x =x~x K Cl: In+

I—
U)
z',
UJ

Ino {1)
X X~
Ino{2)

l I I ~ I

430350 390
TEMPERATURE {K )

FIG. 18. Pulse-anneal experiment between 310 and 450 K
of a KC1:InC1 sample which was x-ray irradiated for 15 min

at RT to produce In (1), In (2), and In (ortho). Analo-

gous results are obtained for KCl:GaC1.

VI. CONCLUDING REMARKS

The fact that the ESR spectra of the primary
Gao(4p') and Ino(5p') centers are observed and that
they show up as (100) oriented symmetric and linear
GaC12 and InC12 molecular ions is interesting be-
cause the ESR spectrum of the primary Tlo(6p')
center has so far eluded detection. The observed
properties of GaC12' and InC12' may throw some
light on this matter. First it is noticed that the best
ESR observation. temperature is lower for InC12'

than for GaC12, suggesting, if this trend can be ex-
trapolated, that for the primary Tl even lower obser-
vation temperatures are required. However, even at
2 K the primary Tl ESR spectrum was not detect-
ed." More important may be the observation that
both GaC12 and InCl~ possess a reorientation
motion, a bond switching among the three (100)
directions. For InC12 this motion occurs at a lower
temperature than for GaC12 . If an extrapolation is
again permitted, then the primary Tlo center should
possess a similar reorientation motion even at liquid-
helium temperatures. That this may be so is support-
ed by the observation that no optical anisotropy can
be produced by polarized light in the primary Tl ab-
sorption bands at 4.2 K.

A motion at such low temperatures should be
some kind of a phonon-assisted tunneling motion. If
this reorientation is sufficiently fast it can lead to
several effects making the ESR observation of the
primary Tl very difficult. First, a sufficiently rapid
bond switching between the three (100) directions
will lead in ESR to a TlC16 species rather than a
TlC12', and the former is estimated to have rather
broad unresolved lines rather than the nicely resolved
seven line shf structure for the latter. Second, rapid
motions will tend to displace and broaden the ESR
lines because motional averaging towards isotropic
lines is expected to occur. Considering the size of
both the g anisotropy and the Tl hf interaction, very
high reorientation rates (-10'0 Hz) are required for
complete averaging. Finally, very rapid reorientation
will induce a fast electron spin relaxation also
broadening the ESR lines. All the foregoing mechan-
isms may well explain why the ESR spectrum of the
primary Tl center has so far not been observed at X-

band frequencies. The solution of this matter will,

however, require further study.
The data on Gao(l), Ino(1), and Gao(2), Ino(2)

obtained in this paper nicely confirm the conclusions
obtained in Ref. 6 on the Tlo(1) and Tlo(2) defects.
It appears that the models for the Mo(1) and Mo(2)
heavy metal ion centers as presented in Figs. 8(b)
and 8(c) are firmly established. Furthermore, the
importance in the defect formation of the mobility of
the negative ion vacancy above 220 K (in KCl) is
again emphasized. Because spin-orbit and relativistic
effects are smaller in Ga and In than in Tl it was
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possible to perform a simple analysis of the g and hf
components. The hf analysis in particular has yielded
a phenomenological insight into the behavior of the
isotropic part of the Ga and Ino hf interaction under
the influence of even and odd crystal fields. This hf
behavior will be more fully discussed in a subsequent
paper where the results of a relativistic many-body
calculation of the hf interaction will be presented. '

Of the two remaining defects Ino (ortho) and Ga
(axial) the latter one appears to have some interest-
ing properties. The experimentally observed g values
exhibit an "inverted" relationship, i.e., Agq & Ag~~

which is rather anomalous when compared to the
other Ga centers, or to the In and Tl defects for
that matter. Such a relationship could only be under-
stood by accepting that Gao (axial) is basically an
orthorhombic center which exhibits a rapid reorienta-
tion motion between two equivalent Jahn-Teller dis-
tortions confined to a (100j plane. The existence of
this motion made it possible to narrow down the
most likely Ga' (axial) defect structures to the two
presented in Figs. 9(b) and 9(c). In contrast, the ab-
sence of observable motions for Ino (ortho) results in
a greater number of possible defect structures, and it
was not possible to narrow down that number.

In proposing structures for Gao (axial) and Ino

(ortho) only positive and negative ion vacancies were
considered as perturbing entities, and not, e.g. , unin-
tentional impurities (most likely Na, Br, or Oq in
KC1) or radiation produced halogen interstitials.
There is. as yet no compelling need to use them and
in fact in most, if not all, cases one can argue against
the likelihood of them being present in the defect
structure. Interstitial halogen ions trapped in the
neighborhood of the heavy metal defect will most

likely result in low-symmetry defect structures whose
axes are tipped with respect to the crystal axes. 2' As
for unintentional impurities we observe that one
~ould have to accept a large preferential association
of the M+ dopant with the unintentional impurity,
even at the relatively low M+ doping levels we are
using.

Finally we would like to mention that we have not
observed H(M+)-type defects, i.e., interstitial halo-
gen atoms stabilized by substitutional M+(ns2) im-
purities similar to the H„(Na+) and H„(Li+) centers
in KC1. This is in contrast to KCI:Pb2+(6s2) and
KCI:Sn'+(5s') where HD(Pb'+) and HD(Sn2+)-type
defects have, been observed. Maybe the presence of
a charge compensating cation vacancy for the latter
ions makes a difference. It is also possible that the
H(M+) ESR spectra are obscured by the presence of
the strong Mo spectra.
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