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An extensive electron-spin-resonance study has been made of trapped interstitial halogen defects in KCl doped
with divalent cations (M >+ = Ca’>*, Ba’*, Sr**, Cd?*, Pb**, Mg?*, or Sn**). It is shown that x -irradiation-produced
interstitial halogens can be trapped by monomers and dimers of M2*, positive-ion vacancy complexes. These
defects, which manifest themselves as Cl, ~ or Cl; 2~ species, are called H,, -type centers and altogether five different
centers have been detected and studied. One is a di-interstitial halogen defect associated with an M **-vacancy
monomer. Two other defects involve dimers of M**-vacancy complexes in configurations possessing inversion
symmetry. The last two defects involve a Cl, ~ associated with a monomer complex in which the M?* is either
nearest neighbor or next-nearest neighbor to the positive-ion vacancy. A careful analysis of the electron-spin-
resonance spectra reveals that in both these centers the Cl, ~ molecule performs a librational motion with respect to

the symmetry plane of the defect.

I. INTRODUCTION

The fundamental point defects in simple solids
(the ionic alkali and alkaline-earth halides, ele-
mental semiconductors, monoatomic metals,
simple oxides) are by now very well character-
ized. These defects are obtained by doping (atom-
ic or small molecular impurities), by ionizing
or neutron irradiation (mostly at low tempera-
tures), or by mechanical, thermal and chemical
treatments. Studies in defect physics evolve
toward the study of more complex aggregates of
defects in solids.

This paper is concerned with an electron-spin-
resonance (ESR) study of a series of complex in-
terstitial halogen defects produced by x irradia-
tion at 77 K in alkali halides doped with small
amounts of divalent cations, M* .

The structure and properties of the fundamental
interstitial halogen defects in the alkali halides are
well established: The interstitial halogen atom
known as the H center,-3 and the interstitial halo-
gen negative ion known as the I center,* have been
studied in great detail. Furthermore the stabili-
zation of interstitial halogens by monovalent alkali
and halogen impurities® and the interaction between
interstitial halogens leading to di-interstitial cen-
ters,%%7 have also been extensively investigated.

The effect of divalent cations, M**, and their
associated charge-compensating positive-ion va-
cancies, (+), on the physical properties of alkali
halides has also been a field of fruitful studies for
quite a long time. Prominent investigations' in~
clude the influence on the ionic conductivity® and on
the dielectric properties,® the aggregations of [M?,
(+)] complexes,!® the Suzuki phase in particular,
the electron- and hole-trapping properties of some
of these ions,'*-!8 the association of [M?*, (+)] com-
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plexes with F-center-like defects leading to the
so-called Z centers,!” etc.

An exploratory ESR and optical absorption inves-
tigation on x-irradiated KC1 and KBr doped with
Ba*, Ca*, and Sr* was carried out some time
ago by Hayes and Nichols.’®* Their ESR analysis,
though rather inaccurate, established the presence
of radiation-produced Cl,~ and Br,” molecules in
the neighborhood of single [M?, (+)] complexes.
The spectra were at first interpreted as origina-
ting from X, hole centers (V, centers)'® stabilized
by one [M?, (+)] complex, but subsequent optical
studies established that interstitial halogens were
involved.?® Further ESR work has underscored the
complexity of the defects !

The present paper confirms the interstitial and
di-interstitial character of these defects. It will
be shown that, just like monovalent impurities,?
monomers and dimers of [M?*,(+)] complexes can
stabilize radiation-produced mobile interstitial
halogens in several distinct configurations. A total
of five different ESR spectra have been identified
and analyzed.?? It proved possible to present con-
vincing models for these complex defects and to
detect the presence of librational motions in some
of them. Considering the complexity and volume
of the subject, the experiments were limited to
employing the ESR technique. No serious effort
was made to correlate, e.g., the ESR results to
the optical absorption data although such an inves-
tigation could be a very interesting one.

II. EXPERIMENTAL

The doped KC1 crystals used in these experi-
ments were grown either by the Kyropoulos or the
Bridgman method. To the KC1 melt, roughly 0.05
to 0.5 mol % of the appropriate MC1l, was added.
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a=a*+ %%+ 2ab(sinyy — siny?)/Ay»
+£b%(sin2y2 — sin2y})/ AY” , (7

p=+ clsinyy - singy)/Apr ~Za,

which yields

B =ad(sinpy — siny?)/Ap»  when 67=0,

y =a(b®+d )" 2(cosypr — cospr) /Ay

+32b(b%+d 2)l/z(sinzzp{,' - sin®yr) /Ay,

in which

a=cosf’cosf” ,

b =sinf’sinf” ,

c=sinf’cosf” ,

d=cosf’sinf” ,

In these expressions (9#,¢") are the polar angles
of the g or A tensor symmetry axis z” with respect
to a reference frame tied to the crystal. The an-
gle y” is measured from the plane with respect to
which the libration of the Cl,” is taking place. This
is 2 {100} plane for the H'%° defect to be discussed
in Sec. III B (see Fig. 1) and a {110} plane for the
H19 defect (see Sec. IIIC and also Fig. 1 of
Ref. 26). The angle 8” remains constant during
the LM and Apr =32 — p#<90° is the librational
amplitude. 6’ is the angle between H and (100).
Note that the “motional” expression (5) does not
only depend on the magnitude but also on the sign
of A, which is not the case for the static expres-
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FIG. 1. Schematic three dimensional of the H {_Dtoo}
(Sr?*) center in KC1:Sr**, The figure defines the vari-
ous axes and angles used to describe the librational
motion of the Cl,~ with respect to a {100} plane. The
Cl,”, composed out of chlorines Nos. 1 and 2, librates
along almost a quadrant of a cone with constant apex
angle 6”, For clarity, Cl No, 2 has been drawn on a
lattice site.

sion (3). The latter depends on A2 and thus only on
the magnitude of A,. It follows that a motional an-
alysis allows one in principle to determine the rel-
ative sign of the hf components, something a static
analysis can not. Moreover, because we are deal-
ing in this paper with Cl,” species for which the
sign of A, is known'® (it is positive), we are able
to determine the absolute sign of A,.

B. The H g‘o‘)} center
1. Analysis of the ESR spectra

A strong well defined ESR spectrum of the Hﬁ,m"}
center is obtained in KC1:Sr?** samples by an x
irradiation at 77 K lasting several hours. Such a
spectrum was not observed in KC1:Ba?* and in
KC1:Cd?* samples subjected to a similar treat-
ment. In KCI:Ca?* and in KC1:Mg?* the H{'**! ESR
spectrum is somewhat obscured by overlap with
lines originating from, e.g., H{1o centers (see
Sec.IIC). In KCl:Pb?* and KC1:Sn*" the H}oo
ESR spectra are strongly dominated by ESR lines
belonging to V, or Sn* centers.*'*’

In Fig. 2 the Hf!o} (Sr**) ESR spectra recorded
at 52 K are presented. The interfering V,-center
lines were routinely eliminated through an optical
excitation of the F centers. The characteristic
seven-groups-of-lines structure with a hyperfine
(hf) separation of the order of 10.0 mT proves that
one is dealing with Cl,” molecule ions. From an
angular variation study it is concluded that the Cl1,”
internuclear axis makes a 14.5°+ 1.0° angle with
(100 in a {100} plane. The internuclear axis of a
Cl,” species coincides with the direction of maxi-
mum hf separation. The second highest line and
second lowest line are split, indicating that the two
chlorine nuclei are inequivalent and that the Cl;
molecular bond is bent. This inequivalency as
represented by A, , - A, ; is about 2.3 mT. A
rough calculation of the bending angle gives |9{'

- 02 |~ 3.4°,

In the following, however, we present a simpli-
fied analysis in which it was assumed that the
principal axes of § and A; coincide with each other
and with the internuclear Cl,” axis. Thus the in-
equivalency of the two nuclei is ignored by taking
|A, |=|A,| and, furthermore, bending is over-
looked. It has been shown that a good quantitative
analysis is possible with these assumptions.?®

First a static analysis was performed of the
Hfo%} (Sr?*) ESR spectra. In order to decide
whether or not this type of analysis gives a good
fit, the “A, criterion” was used which is the fol-
lowing.2® Having determined the g components and
the A,=%(A, ;+ A4, ;) value (which is known to have
a positive sign),'® one can calculate from expres-
sions (3) the A, values using the experimental
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In this paper the following impurities are studied:
M?*=Ca?®, Ba?', Sr**, Cd**, Pb**, Sn**, and Mg*".
Possible effects of varying dopant concentrations
were not systematically investigated.

Defects were produced by x irradiation at 77 K
using a Siemens tube with a tungsten target operat-
ing at 50 kV and 50 mA. The duration of the ir-
radiation was typically one to two hours. Such
long irradiation produces, besides the Hj~-type de-
fects, the well known F and Vg centers. The
latter are routinely eliminated by optical excitation
of the F centers: the freed F-center electrons are
attracted by the positive-charged V centers and
annihilate them. Before irradiation the samples
were heated to about 400 °C for several minutes and
then rapidly cooled down.

Other experimental details and a description of
the ESR techniques can be found in Ref. 16. It may
be emphasized that KC1 was chosen because it
possesses, together with KF, the narrowest ESR
lines of all the alkali halides and thus yields the
best resolved ESR spectra. Furthermore, the ob-
served CL,~ and CL,*" species have small hyperfine
splittings (typically about 10 mT) which means that
second-order shifts of the line positions are small.

III. ANALYSIS OF THE ESR SPECTRA OF THE
Hp,-TYPE CENTERS

A. General remarks on the ESR analysis

The ESR spectra described in the following ori-
ginate in all cases except one from a Cl,” mole-
cule ion. The ESR analysis of such species in
which sometimes the two chlorine nuclei are in-
equivalent and/or the molecular bond is bent, has
been described thoroughly several times be-
fore.?2* Consequently, many details of the often
tedious analysis will be omitted or only touched
upon lightly.

It has become clear recently that some low-
symmetry Cl,” defects exhibit reorientation mo-
tions which, when fast enough, result in line
broadening and motionally averaged ESR spec-
tra.?>2. Sometimes the presence of the latter is
not obvious from the qualitative features of the
ESR spectra, especially if the motion is a limited
one such as a librational motion (LM) with respect
to a crystal symmetry plane.®® Such librational
motions are encountered in the present investiga-
tion. In order to perceive their presence it is
necessary to perform both a “static” and a “libra-
tional” analysis of the ESR spectra and see which
one gives the best fit.

We briefly outline the procedure.*® The Cl,"
ESR spectra are described by the following spin-
Hamiltonian (in the usual notation):
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FY, gOH 3 §+§§ i,.1, (1)
where the summation is over the two chlorine nu-
clei. A static analysis describes the ESR spectra
if the orientation of the Cl,” is fixed in the lattice
or if the Cl,” moves (jumps, rotates, librates) with
a rate or frequency that is sufficiently slow so as
not to result in motional averaging. In this so-
called static case the angular variation of the g
factor and the first-order hyperfine separation,
K,, are given by the well known expressions (in
axial symmetry approximation):

g%(0)=g2cos?0 + g2 sin* (2)
K3(0)g(0)=A} g7 cos’0+A} g%sin’0 , (3)

n, i
where g,, g. and A,,' i» A, ; are the principal com-
ponents of the § and the hyperfine A, tensors, 0 is
the angle between the spin-Hamiltonian symmetry
axis z# and.the direction z’/ of the external static
magnetic field H. ¢ can be either 6,, 6,, or 6, if
the molecule is bent. Although all five defects
described in this paper possess a symmetry lower
than tetragonal or trigonal, they have been anal-
yzed in an axial approximation. The g and A ten-
sors are undoubtedly of orthorhombic character,
but deviations from axial symmetry turn out to be
rather small and often could not be reliably deter-
mined.

If the Cl,” reorients so fast that a motionally
averaged ESR spectrum is produced, then the g
factor and first-order hyperfine separation are
given by the following “motional” expressions®®:

(gP=[(g~-g)a,+ g,

+ (g, - g (B+3) (4)
(Ki>2=[(Au,i- L,i)ai+A-L.i]2
+ @, -4, B+, (5)
with
a ={cos?0),
B={(sinf cosb cosy}, (6)

y ={sinf cosb siny),

in which (0, 9) are the polar angles of the spin-
Hamiltonian symmetry axis z” with respect to a
set of axes (x’,y’,2z’) tied to the magnetic field
Hllz’. The averages in (6) must be performed over
the reorientation path (in case of a continuous mo-
tion) or over all the discrete orientations (in case
of a jumping motion). For complete spherical av-
eraging, a ==y =3.

In the case of a continuous librational motion
and assuming that the axes of g and A coincide,
expressions (6) may be written
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FIG. 2. ESR spectra of the H E,m} (Sr?*) center in
KC1:Sr** recorded at 52 K for three special orientations
of the magnetic field H. The microwave frequency
v=9.16 GHz. The Cl, Vj centers were bleached out
optically. Note that the angle 6 corresponds to the mea-
sured values and not to the values resulting from a “li-
brational’’ analysis of the ESR spectra.

first-order hf K(14.5°), K(45.3°)_L and K(30.5°) val-
ues obtained from the H||(100), H||(111), and
H(I(110) ESR spectra. Not only should the three
A, values thus calculated be approximately equal
to each other but they should also fall in the range
of +0.7 to +1.6 mT. Indeed, the hf parameters of
Cl,” species are very well known and they all in-
variably fall in this range.® The static analysis
gives a bad fit as is illustrated by the following
three values obtained for A2 [in units of (mT)?]:
+9.7, +2.4, and —-1.6. The negative sign especially
is bad and cannot be eliminated. It is concluded
that the C1,” of H2°°H(Sr?*) must exhibit a limited
reorientation motion.

By assuming the simplest motion, namely a li-
brational motion (LM) of the Cl,” with respect to
the {100} plane, it is possible to obtain a good fit
of the ESR data using the A, criterion as a test.
Indeed, a librational analysis employing expres-
sions (4) and (5) and a librational amplitude Ay~
= — p# of about 75° yields the following A, values
(in units of mT): +1.3, +1.5, and +1.6 deduced
from K(14.5°), K(45.3°), and K(30.5°), respective-
ly, leading to a very good mean value A, =(+1.5
£0.2) mT. The improvement in fit is so striking
that we feel that the librational motion exists al-
though the calculated size of the librational ampli-
tude should be viewed with some caution. By using
expressions (4) and (5) we have explicitly accepted
that all positions on the librational path are equally
probable. However, an equally good fit would have
been obtained if we had assumed that the libration-
al motion is a jumping motion between two discrete
symmetric positions with respect to the {100}
plane. Only uniaxial stress measurements will be
able to decide between the two possibilities.?®
Table I gives the results of the librational analysis
of the H}%}(Sr?**). For the other HY! centers the
ESR data, as far as they could be determined, are
also presented in Table I.

The H{°! ESR line shapes show a hint of unre-
solved superhyperfine (shf) structure. This is best
observed in the ESR spectrum of H°XCa?*) or
H'1%0X(5r2*) when H||(100) and is very similar to the
unresolved shf structure of the ESR lines of Hf0!
(Ca?*) in a (100) direction (see Sec. HIC). Figure
3(a) shows the latter line shape when H || (100)

(0 =18.5°): it is characteristic of an unresolved
shf structure originating from several equidistant
lines of equal intensity. Because for all intersti-
tial and hole centers observed so far in the alkali
halides, no shf structure resulting from the nuclei
of alkali ions has ever been observed, it seems
reasonable to conclude that the shf structure is a
four-line structure originating from the interac-
tion with a single chlorine nucleus. Resolved shf
structures are observed for some Hi*°! centers
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TABLE 1. Spin-Hamiltonian parameters resulting from a “librational” analysis of the H§,1°°* centers in KCl: (i)
ignoring inequivalency of the nuclei and the bending of the molecular bond, and (ii) including inequivalency and bending.
The hyperfine parameters (for *°Cl) and the linewidth AH (between extrema of the first derivative) are given in mT.
The observation temperature, Tops, and the decay temperature, T4, are given in K.

Center T obs ! g Ay A "2 Ay Ay 0,1 O, 0 AH Tec
HI%(ca?) 49 () 2.002 2.038 +10.0 +1.1 16.6° 0.70 225
+0,001  £0.002 0,1 +0.5 +0.5° 0,05
HUO0(gr2e) 62 (i) 2.0018 2.038 +9,96 +1.5 15.6° 0.85 230
+0.0005 £0.002 0,05 £0.2 +0,5° 0.05
(ii) +11.1 +8.8 +1.6 +1.4 17.4° 14.0°
0,1 0.1 0.5 0,5 #1.0° +1.0°
HYNPpb212 73 (i) 2.002  2.037 +10.2 1.5 20.7° 1.05 225
£0,001  £0.002 +0,1 #0.5 +0.5° +0.05
HION Mgy 77 () ~2.002 - ~+10,0 - ~19° 0.9 230
0.1
HiI(sn2+)®b 120 (i) =~2,002 - ~+10.5 - ~22° 0.9 -
£0,1

2 No snf structure originating from 2%7ph2+ or 11%Sn?* nuclei is observed in enriched KCl: 2V7pp2+ or KCl: !19gn2+

crystals.
® The results of a “static” analysis are given (see text).

to be discussed in the next section [see Fig. 3(b)].
The ESR properties of the H{!®°! center in KC1:

Pb?* and KC1:Sn?* are surprising in one respect.

Indeed, both ions are good traps for positive

110} g2+
D

I <100 (highest-field line)
T = 60K

L ! L 1
0.32 033 034 0.35
H(tesla)
Hglo) (cd2*)
AII<I00> (highest-field line)
T=33K
(b)
! ] ! 1
033 0.34 0.35 0.36
Hltesla)

FIG. 3. (a) Two high-field lines of the H'}!” (ca¥)
center_(*Cl *C1 and ¥C1 C1 species) for 6=18.5°
when H (100}, exhibiting a hint of an unresolved four-
line shf structure; (b) two high-ﬁield lines of the H L“o}
(Cdz“‘) center for 0=10.5°when H |l (100), exhibiting a
resolved four-line shf structure.

holes'*'* resulting in Pb®* (6s*,2%S,,,) and Sn3*
(5s,2S,/,) paramagnetic species which are char-
acterized by very large hyperfine splittings. As a
result one might expect that the ESR spectra of the
Hp-type centers would show a superhyperfine
structure due to the interaction of the unpaired
hole of the interstitial Cl,” species with the nuclei
of these divalent ions. Not a trace of such a struc-
ture was observed in KCl: 2 Pb*" crystals (92%
enriched 2% Pb?* which has nuclear spin 3) and
KCl: 1198n?* crystals (90% enriched '!°Sn®** which
has nuclear spin -é-). Electron-nuclear double-
resonance experiments may throw some light on
this matter.

2. Model for the H, };’ %} center

As its name implies, the H{!%! center is formed
by the trapping of a mobile interstitial halogen
atom (an H center)* by an [M?*, (+)] impurity com-
plex consisting of a divalent cation, M?*, and its
associated charge-compensating positive-ion va-
cancy (+). The interstitial character is indicated
by two observations: First, it takes a few hours
of x irradiation to produce a high concentration of
H1%) centers and second, optical excitation of F
centers (produced at the same time during the x
irradiation) which releases mobile electrons in the
lattice, does not affect the H5°)-center concen-
tration. This indicates that it is either a neutral
or a negatively charged defect. Both properties
are shared by all interstitial halogen-atom centers
observed so far such as H centers, H, centers,
and H,, centers.®
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The fact that the tipping angle of the H°°} cen-
ters varies with the M2* dopant proves that the
divalent cation is intimately involved in the defect
structure. The specific model that we propose
for H{°°! is depicted in Fig. 4 for KC1:Sr**. The
interstitial halogen atom is stabilized as a Cl,”
molecule ion by an Sr?* ion and a positive-ion va-
cancy which are nearest neighbors (NN) of one
another. This model, which possesses C,, sym-
metry, agrees with the experimental observations.
In particular it permits a librational motion of the
Cl,” with respect to the {100} plane of the figure.
Furthermore, the unresolved four-line shf struc-
ture is also readily explained. It originates from
the interaction with the nucleus of the substitution-
al chloride ion No. 3in Fig. 4. Itisimportanttoem-
phasize at this point that this four-line shf struc-
ture would be difficult to explain in a model not
involving a positive-ion vacancy. A model without
a positive-ion vacancy would in addition exert a
strong Coulomb attraction on mobile electrons,
which is not observed. Though the proposed struc-
ture is not the only possible one that is in agree-
ment with the data, it is certainly the most simple
and most compact one that can be constructed in a
{100} plane. There is, e.g., no need to propose a
defect structure involving a dimer of [M?*, (+)]
complexes.

If the model of Fig. 4 is correct it is somewhat
surprising that this H}°°} defect is not observed in
KC1:Ba?* and in KC1:Cd?*. A priovi there is no
reason to believe that in these crystals the [M?*,
(+)] complexes would not occur in the nearest-
neighbor®® configuration or that they would not
trap and stabilize interstitial halogen atoms. This
point was not studied further. It is conceivable
that in KC1:Ba?** and KC1:Cd?*, interstitials are
stabilized in a configuration other than H4%! sym-
metry. There are precedents for such a differ-

—_

[o10]

{100} 2+
Hy - tor )

FIG. 4. Schematic two-dimensional model in a {100}
plane of the HY% (Sr?*) center in KC1:Sr?*, Halogen
nucleus No. 3 is responsible for the unresolved four-
line shf structure. Bending of the Cl,~ is not shown.

ence. In the H,(Na') center® in KC1:Na*, the Cl,”
lies in a {100} plane while for the corresponding

H ,(Li*) center®® in KC1:Li* the Cl,” lies in a {100}
plane. It is also possible that in some crystals
H{%} centers are not stable at 77 K and that they
must be produced by x irradiation at lower tem-
peratures.

C. The H ,{,"0} center
1. Analysis of the ESR spectra

The H%) center ESR spectrum is observed in
KC1 crystals doped with either Ca®*, Sr**, Ba®*,
Cd?*, Pb**, or Mg?* ions. In KCl:Ba?*, KC1:Cd*,
and KC1:Mg?* it is directly and dominantly pro-
duced by an x irradiation at 77 K. In KCl:Ca?*,
KCl1:Sr*, and KCl:Pb*, however, one has to heat
the specimens to about 230 K for several minutes
after the 77-K x irradiation in order to form
HS0Y At 230 K, BN (Ca?), Bfoot(sr2*), and
HY%°NPp?*) are observed to decay. This process
is illustrated in Fig. 5, which represents an iso-
thermal anneal at 222 K (and measured in ESR at
77 K) of a KC1:Sr?* specimen x irradiated at 77 K.

Figure 6 shows the ESR spectra, recorded at 77
K, of the H'*)(Ba?*) center. Again the character-
istic seven-line hf structure originating from a
Cl,” species is observed. The splitting of the
second highest line and of the second lowest line
proves that the two chlorine nuclei are inequiva-
lent and that the C1,” bond is bent. The inequiva-
lency of the nuclei as illustrated by A; ; -4, ,
gives the following values: 2.1 mT for H{°}(Ca?*),

KCL: SrClp

isothermal anneal

H{'OO}(SrZ")
D at 222K

\ ° <
Hggm( Sre*)

Vk
{110} (¢ .2+
HD (Sre?)

INTENSITY (arbitr. units )

| | | 1
0 10 20 30 40 50
TIME (min )
FIG. 5. Isothermal anneal at 222 K of a KC1:Sr?+
crystal x irradiated at 77 K for two hours. The data
points were taken at 77 K.
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KCl:BaCl,
Au<i00y
T=77K

KCl:BaCl2

Anainy
'T=77K

............

KCl:BaCl;
A0
T=77K

| | l | |
0.30 0.31 0.32 0.33 0.34 035
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FIG. 6. ESR spectra at 77 K of the Hi'% (Ba?*) center
in KC1 :Ba_a»2+ for three special orientations of the magne-
tic field H.

1.4 mT for H{°}Sr?*), and 1.6 mT for H}°}(Ba2*),
The bending of the C1,” bond is calculated to be
small, and |9y -6y | is equal to ~1.1°, ~4.6°, and
~1.0° for Ca?*, Sr?*, and Ba®* HJ'*! defects, re-
spectively. For the H{°! centers in KC1 doped
with Cd?*, Pb**, or Mg?*, no good estimates of the
inequivalency or the bending could be made. From
here on we will ignore inequivalency and bending.

An angular-variation study of the ESR spectra
shows that the Cl,” internuclear axis makes an
angle 6%, with (100) in a {110} plane. The follow-
ing values (+1.0°) for 672,,, were found: 18.5° 27.0°
20.0°, 10.5° 19.5°, and 6.0° for H'}'°! centers in
KC1 doped with Ca?*, Sr**, Ba®*, Cd**, Pb**, and
Mg?*, respectively.

A static analysis of the ESR spectra does not
result in a good fit as evidenced by the “A, criter-
ion.” Indeed the calculated A2 values are either
too large or even negative. Consequently, a libra-
tional analysis was attempted in which it was as-
sumed that the CL,” performs a librational motion
with respect to the {110} plane with an amplitude
Apr =3z —P#. Such a librational analysis gives a
very good fit to the ESR data as shown by the fol-
lowing calculated A, values (+0.3 mT) for the Ca**,
Sr?*, Ba?*, Cd?*, and Mg?* H{'! centers: +1.1 mT,
+1.0 mT, +1.3 mT, +1.5 mT, and +1.0 mT. As
expected, the new tipping angles (+0.5°) have a
somewhat larger value in the librational analysis
than the measured ones: 6/, is 19.0°, 28.9°, 21.0°,
10.6°, and 6.6° for Ca?*, Sr**, Ba?*, Cd*, and Mg?*
HUY centers, respectively. The librational am-
plitude is found to be in the neighborhood of 75° for
all Hi*°! centers. The results are summarized in
Table II. A relationship between A, and 6” is re-
vealed: A, increases along with 6”. A decrease
of the peak-to-peak linewidth AH (for the (100) di-
rection) along with increasing 6~ values is also
observed. All ESR parameters show a particular
temperature dependence: 67 and A, exhibit a small
decrease with increasing temperature.

The lines of the H{'°! defects show unresolved
shf structure, especially in the spectra observed
when H is along or near (100). In H§°}(Cd?*) and
HL”‘”(Mg?*) this shf structure is well resolved.
Figure 3(b) gives the four-line shf structure for
the highest-field line of the 6=10.5° Hi*°}(Cd?*)
ESR spectrum detected when H((100), As in all H-
type centers observed so far, this small shf struc-
ture must originate from interaction with a supple-
mentary chlorine nucleus. A computer simulation
of Fig. 3(b) using Gaussian line shapes yields
k/AH=~1.1 for the ratio of the superhyperfine
splitting, %, to the linewidth AH. One deduces
k=~ 0.22 mT and AH=~ 0.2 mT. The shf structure is
anisotropic: the lines observed when H|[(111) and
H])(110) show hardly any structure. One estimates
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TABLE II. Spin-Hamiltonian parameters resulting from a “librational” analysis of the HH!% centers in KCl: (i)
ignoring inequivalency of the nuclei and bending of the molecular bond, and (ii) including inequivalency and bending.
The hyperfine parameters (for 35Cl) and the linewidth AH (between extrema of the first derivative) are given in mT.
The observation temperature, T'ovs, and the decay temperature, T4, are given in K,

Center Tobs &u 81 Ayt Ay AL Ays By 2 AH  Tgec
"M% (Ca?) 62 (i) 2.0016 2.039 +10.15 +1.1 19.0° 0.78 255
£0.0005 0,002 +0.05 0.3 +0,5° +0.05
(ii) +11.2 +9.1 +1.3 +1.5 18.3° 19.4°
+0.2 0.2 0.5 +0.5 +0.5° £0,5°
Hi0 (gr2+) 75 () 2.0018 2,033 +10.76 +1.0 28.9° 0.52 270
D
£0.0005 0,002 0,05 +0,3 +0,5° +0,05
(ii) +11.4 +10.0 +1.6 +1.2 31.0° 26.4°
+0,2 £0,2 0,5 0.5 +0,5° £0,5°
H1 (Ba2+) 70 (i) 2.0018 2,041 +10.18 +1.3 21.0° 0.78 240
£0.0005 +0,002 +0,05 +0.3 +0,5° +0,05
(ii) +11,0 +9.4 +1.5 +1.4 20.5° 21.5°
£0,2 0.2 0.5 +0.5 +0.5° +0,5°
HO cd?+) 81 (i) 2.0018 2.038 +9.8 +1.5 10.6° 0.91 230
£0,0005 +0.004 £0.1 £0,5 £0,5° +0.05
HO Ph2H2d 77 (i) ~2.002 ~+10.4 ~19.5° (()).s;
i .
H % g? ) 25 (i) 2.0018 2,040 +9.9 £1,0 6.6° 0.94 230
£0,0005 0,004 0,1 £0.5 £0.5° +0.05

2 No shf structure originating from 2""Pb%* nuclei is observed in enriched KCl: 20"Pb%* crystals.

b The results of a “static” analysis are given (see text).

that ¢,~ 0.2 mT and @,~ 0.1 mT. As in the case of
the HY°°! center no resolved or unresolved shf
structure was observed in the H ,‘,110’(Pb2") center
originating from the Pb?* nucleus.

2. Model for the H };’ 10} conter

The long x-irradiation times necessary to pro-
duce it and its imperviousness to electrons re-
leased in the lattice when F centers are optically
excited, point again to the interstitial halogen-
atom character of the H*°! center. The model
that we propose is presented in Fig. 7. An inter-
stitial halogen atom is stabilized as a Cl,” mole-
cule ion on a negative-ion site by a divalent cation,
M?*, and a charge-compensating positive-ion va-
cancy (+). The difference with the #5°! model of
Fig. 4 is that for the H}''°! center the divalent ca-
tion and the positive-ion vacancy are next-nearest
neighbors (NNN) of one another. The proposed
structure is consistent with the following experi-
mental data: (i) it is electrically neutral, (ii) it
permits a librational motion with respect to
the {110} plane, (iii) the tipping angle depends upon
the dopant, and (iv) the chlorine nucleus respon-

sible for the observed four-line shf structure is in
a natural way supplied by chloride ion No. 3. The
conversion from the H5%? to the Hi*°! center at
230 K implied by the data of Fig. 5 may be caused
by a simple thermally activated jump of the pos-
itive-ion vacancy from an NN position to an NNN
position with respect to the divalent cation and

[ool)

o 3 )

2/ ,
/ | o]

HIO (Ba™)

FIG. 7. Schematic two-dimensional model in a {110}
plane of the H {)uo} (Ba?") center in KC1:Ba?*,
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accompanied by an appropriate reorientation of the
Cl,” molecule ion.

The model may also explain the increasing shf in-~
teraction withdecreasing 6” as illustrated by AH in
Table II. As 0” decreases, the o-type lobe of the
Cl,” ground-state wave function points more and
more towards chlorine No. 3, preferentially in-
creasing the shf interaction with its nucleus.

Closer inspection of Fig. 7 shows that the H!!°
center could in principle also possess a pyramidal
motion (PM).?*%. In the case of H{'°}(Ca*) there
is evidence for the existence of such PM. As the
temperature is raised from 77 K to 177 K there
is a rapid broadening and shifting of the ESR
lines and there is an apparant decrease of the
tipping angle 6” by about 2°.

D. The di-interstitial HI{1% center

1. Analysis of ESR spectra

The HI{ center is produced in KCl1:Sr* and
KC1:Ba? by an x irradiation at 77 K lasting a few
hours. At the same time the HL'*°/(Sr**) and the
H{%'(Ba*) centers, respectively, are produced.
However the temperature range in which the HI{
center is best observable in ESR, i.e., above 100
K, is quite different from the temperature region
where the H{}*°! and H{!'*! are strongly observed,
namely between 20 and 100 K. In the other doped
crystals no HI{®” ESR signals were found after

a similar treatment.
Figure 8 shows the ESR spectra of the HI{1°”

S_Baz") center in KCl: Ba®* recorded at 140 K for
H||{100). Only for this magnetic field direction is
a well defined spectrum observed. This ESR pat-

“HT ] “1 11 f R — I ,” imlfin

KCl:BaCl,
An<io0»
T=140K

HI® (Ba®)

| 1 1 | l | |
0.30 031 0.32 033 0.34 035 0.36
H (tesla)

FIG. 8. ESR spectrum for H (100 of the H1100?
(Ba®*) center in KCl:Ba®* recorded at 140 K.

tern possesses a striking resemblance to the ESR
spectrum of the H center in KC1.'*® The qualita-
tive analysis is in fact the same for both. Ignoring
the finely spaced shf lines the spectrum consists out
of a seven-line hyperfine pattern characteristic of
a Cl,” species with two equivalent Cl nuclei. The
shf structure originates from a further weak inter-
action with two other Cl nuclei which are also
equivalent to each other. Even the linewidths AH
are very comparable for the two centers.

There are, however, two important differences.
First, the Cl,” in HI§°® is oriented exactly along
(100) whereas in the H center it lies exactly along
(110). Second, the well defined ESR pattern of
Fig. 8 breaks down the more f moves away from
the (100) direction, indicating that the four Cl nu-
clei involved are no longer pairwise equivalent
to each other with respect to the magnetic field
direction. This means that the HI{'°® center does
not possess inversion symmetry.

No motional effects are apparent in the ESR
spectra and so a static analysis was performed
using spin-Hamiltonian (1) to which the following
term was added:

4 -

§ ) ak I,

k=3
where the summation is over the two additional C1
nuclei responsible for the shf structure. Because
of the complexity of the ESR spectra when 6 # 0°
the analysis was performed in the approximation
that the two sets of Cl nuclei remained pairwise
equivalent (i.e., bending of the various molecular
bonds was ignored) and furthermore that |A, |
= |A,| and [&,|=[3,|. The latter conditions are
clearly fulfilled when 6 =0° and they very likely
remain true for 6 #0° even if the bending of the
bonds is taken into account. The results of the
analysis are given in Table III.

2. Model for the di-interstitial HI{I® center

Attempts to construct a reasonable compact
model for the HI§{°® center which involves only a
single trapped interstitial halogen atom do not
lead anywhere. One is forced to consider di-inter-
stitial models.®” The specific structure that we
propose for the HI§°’ center is shown in Fig. 9.
An interstitial chlorine atom and an interstitial
chloride ion are trapped as a (100) oriented C1,~
molecule ion by a divalent cation M2* and a posi-
tive~ion vacancy (+), which are NN of one another.
The model, which possesses C,, symmetry around
the M?* to (+) axis, is consistent with the following
experimental observations: (i) the long production
time under x irradiation points to the interstitial
or di-interstitial for that matter, character of the
center, (ii) the center is negatively charged, mak-
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TABLE III. Spin-Hamiltonian parameters of the various HI{" centers in KCl. The hyper-
fine parameters (for 35Cl) and the linewidth AH (between extrema of the first derivative) are
given in mT. The observation temperature, Tops, and the decay temperature, Ty, , are given
in K. For comparison the Cl,” H-center data in KCl are included.

Center Tobs &n 81 Ay A ay |aJ.| AH Tgec

HIY™(sr?92 120  2,0026  2.027 +9.94 +1.4 +125 0.2 0.27 210
£0,0003  +0,003 £0,02 0.5  +0.02 #0.2  £0,02

HI$(Ba2+)2 140  2.0024 2,026 +10.02 +0.9 +1.24 0.3 0.26 260
+0,0003  +0.003 0,02 0,5 0,02 0.2  £0,02

H® 25  2.0018  2,0224 +10.86 +1.,60 +0.74 0.27 012 42
+0,0002  +0,0005 +0,01 +0,15 +0.01 +0,01 +0.01

2 For the HI{" center: Z|| (100).
b For the H center: Z”|| (110) (from Ref. 2).

ing it repulsive for electrons freed by optical F-
center excitation, as is indeed observed, (iii) the
two chlorine nuclei, Nos. 1 and 2, are equivalent
when H||(100) but not when H deviates from that
direction because the presence of both the M2* and
the vacancy destroys the inversion symmetry of
the molecule and is likely to induce a sizable bend-
ing of the C1," molecular bond, and (iv) the shf inter-
action with the two equivalent (again for H || (100))
chlorine nuclei Nos. 3 and 4 is also explained in
a natural way by the proposed model. One runs
into difficulties in trying to explain this latter
property if a dimer of [M?*, (+)] complexes is pro-
posed for the HI{? center.

For these reasons we feel that the HI{°°> model
given in Fig. 9 is the most reasonable one. Note
that the sense of the bending (towards or away
from the M2* ion) cannot be determined from the
ESR data.

The HI4{® center may be looked upon as an
H%} center which has trapped an interstitial
chloride ion, Cl;”. The latter is known as an
center, whence the notation HI{%’, Finally, if

() ()
S
(or ( )

]

HIOBa™)
FIG. 9. Schematic two-dimensional model in a {100}

plane of the di-interstitial HI {19 Ba?*) center in
KCl:Ba®*,

this model is correct then [Ba?*, (+)] complexes
which are NN of one another do occur in KC1:Ba?*,
The fact that no H{}*°}(Ba2*) defect was found in
Sec. III B seemed to point in the opposite direction.
This point was not investigated further.

E. The H, é})m} ( CI:_)\2 °) center

1. Analysis of ESR spectra

The H/53°HC1,?*") center has been observed so far
only in KC1:Ba?* samples. It is produced by x
irradiating the crystal at 77 K for several hours
followed by a warmup to about 230 K. Optical ex-
citation of the F center does not affect the H{i0).
center concentration.

The H31°Y(CL?") ESR spectra are presented in
Fig. 10, The main feature of these spectra is
readily recognized for H 1 {100): thirteen almost
equidistant lines whose intensity ratios are close
to1:2:4:6:++-6:4:2:1. This hf pattern is ex-
plained if we assume that the paramagnetic entity
is a linear symmetric CL2" molecule ion in which
the hf interaction with the central chlorine nucleus
is twice the hf interaction with the two other chlor-
ine nuclei. Indeed, because chlorine nuclei pos-
sess nuclear spin £, such a choice of hf para-
meters generates a thirteen-line hf pattern with
intensity ratios 1:2:4:6:7:8:8:8:7:6:4:2:1,
Closer inspection of the ESR spectra of Fig. 10 re-
veals that many of the chlorine isotope effects of
the C1,%” spectrum (**Cl is 75% abundant and 3’Cl
is 25% abundant) are resolved. The relative prob-
abilities given between brackets for the various
Cl,%" species are **CI3°CI*°C1 (27), **CI**CI*"Cl
(18), *CP'CI**Cl (9), 3"CIB'CI3°C1 (6), 3"CI**CI*"C1
(3), and 3"CI"CI3"C1 (1).

A careful angular-variation study shows that the
Cl,%" molecular axis makes a 6.0°+ 1.0° angle with
a (110) direction in a {110} plane. Thus a 6.0°, a
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9:6.0°
= T T T
o
’q KCl: BaCl;
Hi%ciz) AICI10)
T=62K
| l | | | |

By
«oLg\_T

KCl:BaCl,
HICHD
T=62K

% ci5m)

KCl:BacCly
HN<100»
T=62K

Hll%ci)

l I l | | |
0.30 031 0.32 033 0.34 035 036
H (tesla)
FIG. 10. ESR spectra at 62 K of the H{i1% (c1;2~)
center in KC1 :B_gtz’r for three special orientations of the
magnetic field H.

29.3°, or a 45.3° spectrum is measured when the
static magnetic field is along a (110), a (111) or-a
(100) direction, respectively. The angular varia-
tion also indicates that the two outer nuclei remain

to a high degree, if not exactly, equivalent to each
other for all directions of the magnetic field.

The ESR spectra were fitted to the following
spin-Hamiltonian:

L TP P

ATl s+§s AT,

where A, is the hf tensor of the central chlorine
nucleus. The fitting to the experimental data was
performed, assuming a perfectly linear Cl 52 mol-
ecule ion and |A,|=2|A,|=2|A,|. The results are
given in Table IV. Thus, just about half the un-
paired hole density resides on the central chlorine
of the C1,%", This is very comparable to the situ-
ation for interstitial and di-interstitial BrC1,2"
centers in KC1:Br~ where the central bromine had
about half of the unpaired hole density.” The
ground state of a C1,%” is %, and its electronic
structure is analogous to that of BrCL?", which
was discussed in Ref. 7.

2. Model for the Hgg’} (Cl 32 ") center

The exact equivalence of the two outer chlorine
nuclei implies that the H}2°HC1,%7) center must
possess inversion symmetry. It is impossible to
construct a model using only a single [M?*, (+)]
complex. Therefore, the model that we propose
involves a dimer of such complexes. It is shown
in Fig. 11. An interstitial chlorine atom (No. 1)
has been trapped by a dimer of [M?*, (+)] complexes
in a {110} plane in a configuration possessing in-
version symmetry. Each positive-ion vacancy of
the dimer is NN to a divalent cation and NNN to
the other divalent cation. The interstitial chlorine
atom No. 1 is stabilized as a Cl1,%” by forming mol-
ecular bonds of equal strength with the two substi-
tutional chloride ions Nos. 2 and 3. The model is
electrically neutral which is consistent with its
indifference towards optical F-center excitation.
It also accounts in a natural way for the observed
tilting. The presence of the vacancies and the Ba?*
ions exerts in this configuration a torque on the
C1,%" molecule, tilting it away from (110) in a
{110} plane. The chlorine nuclei are related to
each other by inversion and are consequently al-
ways equivalent to each other. The HS°HC12)
has D,, symmetry with the twofold axis perpendic-
ular to the plane of Fig. 11.

The fact that H}°N(C1,%") centers are found only
after a warmup to about 230 K (following an x ir-
radiation at 77 K) may indicate that positive-ion-
vacancy jumps and/or divalent-cation- and posi-
tive-ion-vacancy interchanges are needed to bring
two [M?*, (+)] complexes into a suitable dimer con-
figuration. It is also possible that the center is
formed by retrapping of a mobile interstitial halo-
gen atom.
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TABLE IV, Spin-Hamiltonian parameters of the H{3% (Cl,2") center in KCl: Ba?*, The
hyperfine parameters (for 3°Cl) and the linewidth AH (between the extrema of the first de-
rivative) are given in mT. The observation temperature, Tovs, and the decay temperature,

Tdecs are given in'K. For comparison, data on the H,,(Na*)-type BrClzz'

in KCl are included.

Center Tobs 8 81 Ay? AR A=A A 9=A 3 AH Ty

HEON O 55 2.0016  2.045 +10.50 +1.7  +5.25 +0.9 0.30 265
£0,0005 #0002 0,1 1.0  %0.05 0.5 20,05

Hya(Na*) type 77 1.9893 2,076 +50.21 +4.1  +5.62 +1.6 0.50 185
+0,0003 £0.003 0.02 1.2  £0.05 0.1 0,05

Br 0122'0

% Nucleus No. 1 is the central Cl nucleus in Cl;?" and the central Br nucleus in BrCl,*.

b For the H(ilO} (Cl 2-)

Z7|| ({110)+6° in {110}).

© For the H 4, (Na¥)-type BrCl,%", || (110) (from Ref. 7).

F. The H‘Dlg” center

1. Analysis of ESR spectra

The H {2 center has been observed only in
KC1:Sr?*, in KCl:Ba?*, and in KC1:Cd?* samples
after x irradiation at 77 K and a subsequent warm-
up to 240 K. It is observed in KC1:Sr?* that the
H{S® center is more strongly formed in crystals
with a high impurity concentration. There appears
to be no direct relationship between the decay of
one of the foregoing defects and the formation of
H{00, Optical excitation of the F centers does not
affect the H{3° concentration, pointing to either a
neutral or a negatively charged character of the
defect.

The ESR spectrum of the H {100)(Ba?*) center in
KC1:Ba?* is presented for 11 (100) at T=60 K in
Fig. 12. The similarity with the Cl,” V, center in
KCl is striking?” For all orientations of the ex-
ternal magnetic field, the seven-line hf pattern
with intensity ratios 1:2:3:4:3:2:1 character-
istic of a Cl,” species with equivalent nuclei is
observed. As in the case of the V; center the
lines are very narrow (0.2 mT) so that all chlorine

(IIO} (Cl 2-)

FIG. 11, Sc ?atic two-dimensional model in a {110}
plane of the H},," (Cl327) center in KC1:Ba?* involving a
dimer of [Baz*, (+)] complexes.

isotope effects are resolved. However, there is
one striking difference: Whereas the Cl,” of the
Vx center is exactly (110) oriented, the Cl,” in
HYDY is exactly along the (100) direction.

The ESR data were fitted to spin-Hamiltonian (1).
A static analysis gives a good fit and the results
are presented in Table V. The A, values depend on
the divalent impurity and they are smaller than the
A,=10.13 mT value of the Vy center.

2. Model for the H}% center

The fact that the chlorine nuclei of the H§3°* cen-
ter are equivalent for all orientations of the mag-
netic field implies perfect inversion symmetry for
the H{S®? center. For the same reason as given in
the case of the H{3°)(C1,%") center we are led to
construct a model involving a dimer of [M?*, (+)]
complexes.

The model that we propose is presented in Fig.

KCl

: BaClz

HS® (Ba?) A <100y
1 1 1 1 | T = 60 ll(
029 030 031 032 033 034

Hitesla)
FIG. 12. ESR spectrum at 60 K of the H {§*’ (Ba®")
center in KC1:Ba?* for H I1{L00).
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TABLE V. Spin-Hamiltonian parameters of the various H ,‘_,‘D"O) centers in KCl. The hyper-
fine parameters (for 3°Cl) and the linewidth AH (petween extrema of the first derivative) are
given in mT. The observation temperature, Tops, and the decay temperature, Tgec, are
given in K. For comparison, data on the Cl,” Vj center in KCl are included.

Center Tobs £ g A, A, AH T dec

HY(sr2+)2 100 2.0023 2.028 +9.70 1.1 0.23 255
40,0002 £0.001 +0.02 +0.3 £0.,05

H{S (Bal+)2 60 2.0034 2.030 +9.34 +1.0 0.23 265
0,004 +0.002 £0.05 0,5 0,05

HEICA?)2 64 2,002 5 2.029 +9.86 +1.3 0.27 230
£0.000 2 +0.,001 +0.02 0.3 £0.05

% 77 2,001 45 2.0435  +10.131 +1.213 014 210
£0,00005  £0.0001 0,005 £0.05  £0.03

a For the HYYY centers: Z”|| (100).
® For the Vi center: Z”|| (110) (from Ref. 19).

13. It consists of a Cl,” molecule ion on a nega-
tive-ion site, perfectly (100) oriented and flanked
in a {100} plane by two [M?*, (+)] complexes. This
dimer has for the H ,‘,130’ center a different config-
uration than in the case of the H },‘,ﬁm(le') center.
For the latter the dimer lies in a {110} plane
whereas in the former it lies in a {100} plane. In
this case both positive-ion vacancies of the dimer
are NN to both divalent cations.

The experimental observations are readily ex-
plained by the model. It possesses inversion sym-
metry, D,, in fact, and it is electrically neutral.
Because the Cl," is flanked by two positive-ion
vacancies along its (100)-oriented internuclear
axis the chlorine ions Nos. 3 and 4 do not give rise
to a resolved or an unresolved shf structure. This
explains the narrow Hy2% ESR lines. The Cl, is
a perfectly linear molecule ion because there is an
M?* impurity at each side. Finally, because the
Cl,” is not crowded along its (100) molecular axis,

(577

FIG. 13. Schematic two-dimensional model in a {100}
plane of the HY3" (sr?” center in KC1:Sr?* involving a
dimer of [Sr?*, (+)] complexes.

the internuclear distance should be larger than

in the case of, e.g., the H center or the H}*®! cen-
ter, resulting in substantially smaller A, values as
is indeed observed.

The model is compact and therefore appealing.
The center is probably formed by the trapping of
an interstitial chlorine atom (No. 1) by a substitu-
tional chloride ion (No. 2) which is surrounded by
a dimer of [M?*,(+)] complexes. The warmup to
240 K which is necessary to produce it, may indi-
cate that a rearrangement of the two [M?*, (+)]
complexes with respect to each other must take
place before the configuration of Fig. 13 is
reached.

IV. CONCLUDING REMARKS

The models for the H,-type centers that are
proposed in this paper are not the only ones that
one can think of, but they are, we believe, the
most probable ones. The presence in these models
of at least a single [M?*, (+)] complex is clearly
established. Indeed, the ESR parameters, the tip-
ping angle in particular, depend upon the divalent
impurity. In fact it is worth emphasizing that we

have not found any trace of a defect whose ESR
parameters are independent of the divalent cation.

An obvious example would be an interstitial halo-
gen atom trapped by an isolated positive-ion va-
cancy. There seems to be no reason why such
a center could not exist.*® The fact that none
have been observed is very likely because most
positive-ion vacancies are used as charge com-
pensators. As a result there is no compet-
itive concentration of isolated anion vacancies.
Another, though less likely factor may be that
such a [CL,°, (+)] defect is not stable at 77 K
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which is the lowest temperature at which our x
irradiations could be performed.

The positive-ion vacancy can be either in a near-
est-neighbor or a next-nearest-neighbor position
to the M?* ion. In fact, both configurations are
used in the models for the Hi°°! and for the H*°}
centers, respectively. More information about the
structure of these centers and about the presence
and type of librational motion (i.e., a jumping mo-
tion or a continuous motion) can undoubtedly be
obtained from a correlation of the ESR data with
polarized optical absorption measurements and
from uniaxial stress experiments at very low tem-
peratures both in ESR and optical absorption. In
any case it will be difficult to obtain precise in-
formation on the position of the anion vacancy with
respect to the M>* ion before trapping of the in-
terstitial halogen atom. There may be a difference
in trapping cross section for both [M?*, (+)] con-
figuration may change in the process of trapping
an interstitial halogen atom.

Dimer configurations of [M2*, (+)] complexes are
involved in the proposed models for the H 3%
(CL,®") and H3® centers. The compelling reason
for this derives from the observation that, as ac-
curately as can be ascertained, these defects pos-
sess inversion symmetry. Though no search for
H,-type centers involving trimers of complexes
was made, it is possible that such centers may be
produced by suitable aging or heating-cooling cy-
cles of the samples before x irradiation. In any
case it appears that H,-type centers may be used
as probes in studies of agglomeration kinetics of
[Mz’, (+)] complexes and the formation of Suzuki
phases.

For the HI{®® centers a di-interstitial halogen
model involving a single [M?*, (+)] complex is pro-
posed. The essential constituent is a Cl,” mole-
cule ion which possesses weak additional bonds

with two chloride ions along the (100)-oriented
molecular axis. The model is somewhat unusual
in that the negatively charged Cl," is positioned
very near a site which is a positive-ion vacancy in
the unperturbed lattice.

Because in ESR we are observing only paramag-
netic species (Cl,” and C1,%"), we are seeing only
a part of the complex defects that are produced by
the x irradiation. For instance, it is quite prob-
able that for every defect containing a Cl,” or C1,%"
molecule ion, a similar defect containing a dia-
magnetic Cl, or Cl;” species exists. From opti-
cal absorption measurements in the 200-300 nm
region, evidence exists for the presence of such
molecules.?>3! Another surprising observation
which merits attention is that no H,-type centers
were detected in KC1: Zn?* crystals. The reason
for this is not known,

Finally, we should mention that if Br™ impuri-
ties are present in KC1:M?2* (usually between 50
to 100 ppm is present in nominally pure KC1) that
HU00 . and H{1O_type BrCl™ centers are formed.
These defects were not further investigated.
However, their study might contribute valuable
new insight into the structure and properties of the
CL,~ H,-type centers.
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