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Four § =% electron-spin-resonance spectra exhibiting orthorhombic symmetry ([1101, [001],
[110]) and observed in KCL:Pb?* after x irradiation at temperatures above 220 K are identified
as originating from Pb™ centers. The mobility of the anion and cation vacancies above this tem-
perature is shown to be essential in the production of these defects. The Pb™ spectra are charac-
terized by strongly anisotropic g values ranging from ~— 0.7 to ~— 4 and their explanation requires
a coupling scheme for Pb~ intermediate between LS and j-j and a full diagonalization of the
crystal field, the spin-orbit interaction, and the Coulomb repulsion between the 20 states of the
p? configuration. A comparison is made between the crystal fields experienced by Pb~6p3 and
by the previously studied LS-coupled system Sn~5p3. Because of the sizable presence of orbital
angular momentum in its I'y ground state, the Pb™ is shown to induce a static Jahn-Teller dis-
tortion when occupying an unperturbed octahedral anion site. The Jahn-Teller energies are es-
timated to be ~ 103 cm™! for Pb~, and ~ 10 cm™! for Sn™. It is concluded that the orthorhom-
bic symmetry in all four Pb™ defects is caused by a static Jahn-Teller distortion of mixed Eg and
T4 character and that vacancies, if present, merely exert an additional perturbation. This
viewpoint is shown to be a fruitful one: It allows us (i) to explain the near constancy
throughout the four defects of the dominant crystal-field parameter (~—2 x 10* cm™!) and (i)

to propose specific models for two of the Pb™ centers.

I. INTRODUCTION

In alkali halides doped with certain positive metal
ion impurities it has proved possible to produce the
corresponding negative metal ions by a suitable treat-
ment. The production procedures employed so far
involve either additive or electrolytic coloring. A
series of negative metal ion defects which are reason-
ably well characterized are the ns? (n =4, 5, 6)
species Cu~,! Ag™,%3 and Au~ (Refs. 4—6) produced
in several Cu?*-, Ag*-, and Au*-doped alkali halides.
The identification of these negative ions was based
on the strong similarities that exist between their op-
tical properties (absorption, luminescence, circular di-
chroism, etc.) and those of the corresponding isoelec-
tronic ns? (n =4, 5, 6) positive metal ion impurities
Ga*, In*, and TI* which had already been extensively
investigated.’

The existence in several alkali halides of®~!! Pb~,
Sn~, Ge™, and'>™!* T1™ ions has also been claimed.
This identification was based on various optical and
electrical conductivity measurements, but the inter-
pretation of the data is difficult and not always con-
vincing. In fact, the complete absence of electron-
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spin-resonance (ESR) signals and of circular dichroic
effects possessing a temperature dependence ap-
propriate for paramagnetic defects!® strongly argues
against the existence of the paramagnetic np’ species
Pb~, Sn~, and Ge™ in electrolytically or additively
colored specimens. As a result models involving
nonmagnetic aggregates of these negative metal ions
have been put forward.'¢

Recently!” Sn™ (5p34S) ions were unambiguously
identified by ESR techniques in KC1:Sn?* samples
which have been x irradiated at room temperature
(RT). These Sn~ ions occurred under the form of
several complex defects involving, besides the Sn™ on
a negative ion site, one or more perturbing entities
(primarily anion and cation vacancies) in the immedi-
ate vicinity. Extensive measurements showed that
next to suitable electron trapping properties for Sn’*,
Sn*, and Sn® (i.e., a sufficient electron affinity aided
or not by the Madelung field) the mobility above 220
K of the cation vacancy but especially the anion va-
cancy was of crucial importance in the production of
the Sn~ defects. The cation vacancies are present in
the crystal as charge compensators for the Sn?*, while
the anion vacancies are produced by the x irradiation
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together with halogen interstitials.!®

The present paper discusses the KCI:Pb?* system in
which after x irradiation at RT we have also observed
the ESR spectra of several complex Pb~6p° defects.
It will be shown in Secs. III and IV that the analysis
and interpretation of the Pb™ ESR data are nontrivial-
ly different from the Sn™ analysis'” and that this has
two related causes: First, the much larger spin-orbit
interaction leads to a coupling scheme for the free
Pb~ ion intermediate between LS and j-j (the former
described rather well the Sn™ case) and, second,
the influence of the environment is described by a
strong effective crystal field which mixes substantial
amounts of excited states into the Pb™ ground
state. This results in effective g factors very much
different from the value 2. Section V presents data
on production by x irradiation and discusses some
thermal and photochemical properties. Again the
mobility above 220 K of the anion and cation vacan-
cies is found to be of crucial importance in the for-
mation of the complex Pb~ defects. Finally, in Sec.
VI an attempt is presented to propose precise micro-
scopic models for these Pb~ centers. It will be ar-
gued, because of the strong orbital angular momen-
tum presence in the degenerate Pb™ ground state,
that the symmetry of the Pb~ centers is determined
primarily by a dominant orthorhombic static Jahn-
Teller (JT) distortion.

II. EXPERIMENTAL

The Pb?**-doped crystals used in most of these ex-
periments were grown by the Bridgman method in
quartz ampoules filled with chlorine gas. The starting
materials were very pure KC1 (CERAC) with a low
Br~ content (— 10 ppm) and 0.17 mol% of ultrapure
PbCl, (VENTRON). In preliminary experiments
crystals were used which were grown in air by the
Kyropoulos method from a reagent-grade KC1 melt
containing 1 wt.% of PbCl,. Besides a lower lead
content and the presence of O, centers, no differ-
ences with the Bridgman-grown samples were ob-
served in the ESR spectra. Samples containing the
27pp isotope with 92% enrichment were also avail-
able. These samples also contained a somewhat
lower lead concentration and exhibited traces of
0.

The x irradiations were performed from 77 K up-
ward using a Siemens tube with a tungsten target and
operating at 50 kV and 50 mA. Prior to the x irradia-
tion the KCL:Pb?* samples were heated to about
400 °C for several minutes and then quickly cooled to
RT or lower. By this treatment aggregates of
Pb2*—positive-ion-vacancy complexes are dissolved.
Further details on sample handling, x irradiations,
ESR instrumentation, and optical excitation pro-
cedures can be found in Refs. 17-19.

III. ANALYSIS OF THE Pb~ ESR SPECTRA

As we shall demonstrate in Sec. IV the ESR spectra
that will be described originate from defects each in-
volving a single Pb™ ion. We shall anticipate this al-
ready in the nomenclature and call the defects
Pb=(1), Pb=(2), Pb(3), and Pb~(4).

The Pb=(1) and Pb~(2) centers are conveniently
produced by a 15-min x irradiation of a KCI:Pb?*
specimen at room temperature. The Pb~(3) and
Pb~(4) defects require the following production se-
quence. A KCI:Pb2* crystal is irradiated at 250 K for
15 min, is then warmed to room temperature for
about 15 min (in the dark), and is finally excited with
F-center light at ~ 15 K. The resulting ESR spectra
recorded at 15 K are presented in Fig. 1. In the re-
gion between 0.40 and 0.70 T one discerns Pb* ESR
spectra?® which will not be discussed in this paper.
The narrow region around g =2 (=0.33 T) contains
Pb3*,2! BrCI~, and Cl,” lines.?? The remaining nat-
row lines originate from the Pb~ defects. These ESR
spectra are characterized by single strongly anisotro-
pic lines flanked by weaker doublets down in intensi-
ty by a factor of ~8. These lines originate from de-
fects each involving a single Pb nucleus: The strong
single lines are attributed to the even-A Pb isotopes
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FIG. 1. ESR spectra at 15 K of the Pb™ centers produced
in KCI:PbCl, crystals by a 20-min x irradiation at 260 K (see
Fig. 8) for (b) H1I (100) and (a) H1l (110). The microwave
frequency is v =9.16 GHz.



25 ELECTRON-SPIN-RESONANCE STUDY OF Pb~16p® INKCI: ... 85

T5-60° 1 T5-9 T T T T
9:547° 9:0° Pb(2) 9:0°
T BB ]
9:90° 9-60°
90 9=547° Pb™(1) 910°
T 1) L
KCL:207Pb(l,
(a) fllc110>
T=14K
[
02
! [ L 1 ] l ! 1 1
T T T T T T T T T
9:90° 9:45°
9=90° Pb7(2) 90
i P
9245 9:=90°
9=0° Pb (1) ©-90°
I ]
’j\j KCL:207%Ph Cl,
(b) Hll<100>
T=14K
[
L 10 1 1 | l 1 |
02 03 04 05 06 07 08 09 10
H(tesla)

FIG. 2. ESR spectra at 14 K of the Pb~(1) and Pb™(2)
centers clearly showing the 207Pb doublet hyperfine splitting
in KCL:297PbCl, crystals containing 92% enriched 20'Pb. The
sample had been x irradiated for 20 min at room tempera-

ture (see Figs. 8 and 9). The microwave frequency is
v=9.16 GHz.

(2Pp, 296Pb, and 2°Pb together are 79% abundant)
which possess no nuclear spin, while the doublets ori-
ginate from hyperfine interaction of the unpaired
electrons with the 2’Pb nuclei (21% abundant) which
possess nuclear spin -;— and a nuclear moment
px(3®Pb) = 0.5837 nuclear magnetons.

Experiments using KCl crystals doped with 92%
enriched 27PbCl, substantiate the correctness of this
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FIG. 3. Angular variation of the Pb™ ESR spectra in
KCI:PbCl, at v=9.16 GHz. The magnetic field was rotated
ina {100} plane.

interpretation: The ESR spectra now exhibit strong
doublets with a much weaker (by a factor of ~4.5)
line in the center. These spectra are shown in Fig. 2.
An angular variation study of the Pb™ defects is
shown in Fig. 3. It is clear from these figures that
three defects possess orthorhombic symmetry with a
set of axes (x,y,z) being, e.g., [110], [001], and
[110], respectively. The Pb~(4) center also possesses
orthorhombic symmetry but its z axis is tilted 0.8°
away from [110] in a (001) plane. In Figs. 1 and 2
the resonance lines are labeled by the polar angles
(9, ) which define the direction of the static exter-
nal field H with respect to the set of axes (x,y,2).
The ESR spectra were fitted to an S = % spin Ham-

iltonian (usual notation),
H/gops=gi H-8"-5+5-A(®b)- T, (D

and the results are presented in Table 1.

Inspection of this table shows that the sets of g
components of all centers are comparable to one
another, but there is one remarkable difference: the
g values corresponding to the y 11[001] and x 11[110]
directions are interchanged in going from Pb~(1) and

TABLE I. The experimental ESR parameters of the Pb~ defects in KC1 (7 =15 K). The hyperfine parameters, 4, and the

reduced linewidths AH = (g°ff/g;) AH®*® are given in milliteslas.

g xeff g yeff gzeff A :ff Ayeff Azeff AH
Defect [170] [001] [110] [170] [001] [110]
Pb—(1) 3.555 £0.003 1.151 £0.001 0.6857 £0.0006 23.8 £0.1 25.0 0.1 18.8 +0.1 1.7 £0.1
Pb~(2) 1.114 £0.001 3.668 £0.003 0.6595 +0.0006 4.0+0.1 35.6 0.1 <5 23101
Pb—(3) cee b 4.033 £0.003 <o b ce coee Coe 3.0+0.1
Pb—(4)°¢ 3.792 £0.003 1.546 £0.001 0.9458 +0.0008 <2 18.8 £0.1 20+0.1

8Estimated from the broadening of the ESR lines when going from the natural to the 207py enriched isotope.
"The g and g2 values could not be measured, but only 2%f(9=60°, ¢ =54.7°) =2.938 +0.002.
°The x and z axes are tipped away from (110) in a (100} plane by a tippling angle §, =0.80° +0.02°.
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Pb~(4) on the one hand to Pb™(2) and Pb=(3) on
the other hand. When appropriate we will call
Pb~(1) and Pb~(4) the Pb~ (I)-type centers and
similarly Pb™(2) and Pb=(3) the Pb~ (ID)-type
centers.

The observed linewidth AH®* is given by
AH®" = (g,/g*") AH, where AH is the true inhomo-
geneous or reduced linewidth. Because the g factor is
strongly anisotropic, the observed linewidth is strong-
ly anisotropic: The low-field lines (high g values) are
much narrower than the high-field lines (low g
values) as is indeed observed in Figs. 1 and 2. It is
seen that the Pb~ linewidths are somewhat larger
than the Sn~ linewidths [AH(Sn™) =1.8 mT] and that
the Pb~ (II)-type linewidths are distinctly broader
than the ones of the Pb~ (I)-type centers.

The Pb™ ESR spectra are most strongly observed
around 15 K. All of them possess similar saturation
behavior: a slight saturation is observed below 15 K
at microwave powers of about 50 mW. Increasing
the temperature leads to a reduction in line intensity
and to small shifts in the line positions, but no
broadening of the lines is observed which might indi-
cate the onset of motional effects.

IV. IDENTIFICATION AS Pb~
A. Elimination procedure

It is clear by comparing the four sets of ESR
parameters in Table I with each other that the same
lead species must be involved in all four defects. By
following a similar elimination procedure as employed
for the Sn~ defects,!” one can with a high probability
identify this lead species with Pb™.

First, the lead species cannot be a Pb® 6p2. This
even-electron system would yield an S =1 or 0
ground state neither of which is compatible with the
observed S =-;- ESR spectra. Second, the defects

cannot contain Pb* (6p'2P) or Pb** (6s5'2S). Such
ions have been observed by ESR in x-irradiated
KCL:Pb?* crystal, and the ESR parameters are, for
Pb+, 20

gn=163, 4,(*Pb) =162.5 mT ,

g:=1.33, A4,(®Pb) =256.4 mT ,
and, for Pb’+, 2

g=2.034, A(*Pb)=118T .

Both sets of parameters are very much different from
the ones given in Table 1.

A final possibility, namely, a linear molecule in a
2I1 ground state and involving a single Pb nucleus
must also be discounted. The g components obtain-
able from such a system are g(parallel to axis) = 4
and g(perpendicular to axis) =0 for the free molecule

ion, whereas a crystal field of sufficiently low sym-
metry will push both g components towards the value
2. The data of Table I cannot be fitted to such a
behavior and this is confirmed by a more quantitative
analysis.

Thus, for all the above mentioned possibilities the
g components in Table I cannot be explained. Oné is
left with Pb~6p> as the only alternative.

We will show in the following that Pb~ is indeed
the species underlying the four Pb™ defects. This im-
plies, just as for Sn~,!7 that the Pb~ ion occupies an
anion site and consequently, apart from trapping
three electrons, the lead must have switched posi-
tions from a cation site (for Pb?*) to an anion site
(for Pb™). Such a switching requires mobile anion
vacancies and because these only occur above 220 K
(Refs. 17, 23, and 24) Pb~ defects should only be
producible by at least one x irradiation above 220 K.
In Sec. V this will be shown to be the case.

B. Application of the Sn~ (5p345) analysis

The Pb~ 6p? ion is, ignoring closed shells,
isoelectronic with Sn~ 5p® whose ESR spectra in
I(Cl‘:Sn2+ crystals have been discussed at length in
Ref. 17. A p? configuration yields in the LS coupling
scheme the terms 2D, 2P, and *S of which the latter is
the ground-state term. In a cubic crystal field the
J=§= % degeneracy is not lifted and the ESR spec-
trum should consist of a single isotropic line (apart
from hyperfine effects) around g =2. One of the ob-
served Sn~ spectra was indeed a single isotropic line
at g = 1.97 and the corresponding center was called
Sn~ (cubic). The other Sn™ spectra were strongly an-
isotropic. One was axial from a center called
Sn~(tetrag), and the other two possessed orthorhom-
bic symmetry and the corresponding defects were
called Sn—(ortho, 1) and Sn~(ortho,2). All these Sn™
ESR spectra were accurately described by an S =—;—

spin Hamiltonian of the form (usual notation)
) +E(S2—S?) +gi'HES ()

H/gops= D(S2- %gz
in which the D and E crystal field terms are much
stronger than the Zeeman term. Such a situation
yields two Kramers doublets whose calculated expres-
sions for the g components accurately describe the
strongly anisotropic Sn~ ESR spectra.

The lowest Kramers doublet can be described by a

=% spin Hamiltonian of the form

H=ugH-g"F , 3)

and in Ref. 17 it was demonstrated that (2) and (3)
are related by

gff=g[1 +(1-3a)(1+3a®)71] ,
g =—g[1 £ (1+3a)(1+3a0)711] )
gM=g,[1572(1+3a)717] ,
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in which the upper and lower sign apply to the cases
D >0 and D <0, respectively. Only the absolute
value of the g values can be determined experimen-
tally.

Because Pb~ is isoelectronic with Sn™, it is selected
for study with the same analysis.

Trying now to fit the g factors of Table I to expres-
sions (4) yields unsatisfactory results: no good quan-
titative fit can be obtained. A crude approximate fit
assuming gx =g, = §&; =g yields

g =145 a=045 .

The g = 1.45 result is particularly surprising in view
of the fact that we are supposedly dealing with a *S
state which possesses no orbital degeneracy. For Sn™
the very reasonable g =1.97 had been found. Tak-
ing an anisotropic g tensor in (4) does not improve
the fit.

However, the g = 1.45 value is close to g;= %, the

atomic Landé factor of a pj), orbital in the j-j cou-
pling scheme. A p? configuration does indeed yield
a (Pl/z)zps/z sequence in j-j coupling. This suggests
that the LS-coupling approximation is a bad one for
Pb™ and that j-j or at least an intermediate coupling
scheme is more appropriate.

Such an approach makes the g =1.45 value accept-
able, but the problem of a quantitative fit of the ex-
perimental g° components remains acutely the same:
aJ =% state in crystal field or suitably low symmetry

yields exactly the same expressions as given in (4)
for the g compenents. Thus an effective S =%

formalism fails no matter what coupling scheme is
used.

C. Calculation of the g values of a Pb™ ion
1n a strong crystal field

1. Description of the model calculation

As was pointed out in the foregoing subsection, it
is not possible to obtain the g® paramesters of the
Pb~ defects (see Table I) from an S = 5 formalism,

even if a weakly anisotropic g tensor is allowed in
Egs. (2) and (4). Both the Pb™ and Sn™ ion possess a
p? ground-state configuration. However, Pb™ is a
heavier atom than Sn™, and its spin-orbit coupling
constant £ is expected to be much larger than the Sn™
one. In fact it is estimated in Sec. IVC3 that

£(Pb™) =6100 cm™" whereas £(Sn™) =1500 cm™.
The LS-coupling scheme was found to be quite suit-
able for the Sn~ case.!” In this approximation the
crystal-field terms in (2) are present only because

the spin-orbit coupling induces a small admixture of
2P, states into the *S;/; ground level. This admix-
ture accounts for the shift between the observed

g =1.97 Sn~ value and the go=2 free-electron value.

Matrix elements of the crystal field between *S on
the one hand and the excited 2D and 2P levels on the
other are negligible.

For Pb™, a coupling scheme intermediate between
LS coupling and j-j coupling must be applied. The
total spin S is not a good quantum number anymore
and the ground state acquires a sizable crbital angular
momentum. As a result, a crystal field can now have
large matrix elements between the ground and the
excited levels of the free ion. The S = % description

with spin Hamiltonian (2) becomes inadequate: All
of the states of the 6p> configuration must be taken
into account in the calculation of the 'g‘eff tensor of a
Pb~ ion in a strong crystal field. If the crystal field is
weakened to such an extent that the admixture of ex-
cited levels in the ground state can be neglected, the
S =% formalism can be applied with an isotropic g

value equal to the free Pb~ g value (which is calculat-
ed to be 1.71 later in this section).

The g°f parameters of the Pb~ defects were calcu-
lated using the following model. The nonrelativistic p
orbitals,

Pn=Rey(r)Vin(0,6), m=0, £1 , 5)

with common radial function R,(r), are used to
build the 20 Slater determinants defined by the three
equivalent p electrons. The calculation is convenient-
ly performed in the LS-coupled base denoted by
|LSM,Ms) in which, as usual, L,M; and S,Mj are
the quantum numbers for the total orbital angular
momentum L and the total spin S of the electrons.
This base can be classified into three LS manifolds:
48, 2D, and 2P.

The following Hamiltonian is considered:

PO )=V, + Vo + V., 6)

consisting of the Coulomb repulsion between the
electrons

1,2,3 62
Ve—e= - (72)
i>j Ty

the spin-orbit coupling

3
Vio. =€ 2115, , (7b)
-1

i

and the crystal-field term

3
Ve=—eJv.(T) . (7c)

=1

The standard symbols are used for the electron
charge, —e, the interelgctronic distance, ry, and the
one-electron orbital (1;) and spin (§;) momenta.
Additional terms in the Hamiltonian such as the
kinetic energy and the central potential of the ion,
which are constant for all of the states of the 6p°
configuration, have no influence on our calculation
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and were omitted in (6).

The Coulomb repulsion term V,_. is diagonal in
the base |LSM, Ms), with the following diagonal ele-
ments®:

in %S, Fo—15F, ;
in2D, Fy—6F, ;
in?P, F, ,

where Fy and F, are the Slater-Condon parameters.
In an LS-coupling approximation the average term
splitting would be 6F, to 9F,. The constant term F
will not be considered hereafter. The calculation of
the matrix elements of V. is straightforward as is
shown in Ref. 25.

Figure 4 presents, on the left-hand part, an energy
level scheme calculated in this model for the free Pb™
ion. The specific values of the parameters ¢ and F;
used in this calculation are discussed in the following
subsection. The states are labeled by J, the total an-
gular momentum of the free ion. Both in the limit of
pure LS and of pure j-j coupling one can investigate
which level gives a dominant contribution to the Pb™
eigenstates. This is indicated between brackets for
each Jlevel in Fig. 4. For the one-electron crystal-
field potential v., an expansion in spherical harmon-
ics around the lead nucleus is taken:

—evc( F) = EAL,,,I"Y,,,,(G, ¢) »
Lm

20 free Pb ion Pb(1)

0F 1312 @Pyyppdsa) ‘4: ]
o —
o 0F J=1/Z(2H,2:D1/2923/2) 53‘/.,/ ]

12512 (205/2' P2 P23/2) 8%
~10} 1=3/2 Ds5p120%2)

~20 1 1312 (*S3,30%12P312) 55759

FIG. 4. Energy level diagram of the free Pb™ ion (left)
compared with the one of the Pb™ (1) defect in KCL:PbCl,.
Both are calculated with £/F,=8.5 (see Fig. 6). The
crystal-field parameters for Pb™ (1) are given in Table II.
The arrows indicate the admixture of the free-ion states into
the Pb™ (1) ground state caused by the strong crystal field.
The Slater-Condon parameter F was not taken into account
in this figure.

in which T =(r, 8, ¢) are the polar coordinates of the
electron. Only the / =2 terms in this sum have
nonzero matrix elements between the p orbitals (5).
By a suitable choice of reference frame, and because
v, is a real function, one can simplify to

—evc(0,¢)=3)(cos20-%)
+& sin?0(cos’¢ —sin?¢) |, (8a)
with
D=(45/16m)" A5 (r?) ,
8=(15/8m) 4 (r?) ,

(8b)

where (r?) has been averaged between the common
R, (r) radial function.

In the cases where the S =-;— formalism can be ap-

plied, i.e., when the matrix elements of the crystal
field v, between different levels of the free ion are
much smaller than the corresponding energy split-
tings, the parameters D and & are proportional to D
and E in spin Hamiltonian (2). A detailed inspection
shows that the signs of D and E are always opposite
to those of D and &, respectively. Useful selection
rules for the matrix elements

(LSM Mg|V.|L'S M M)
are the following:
AS=8—S"=AMs=Ms—M{=0 ,
and
AM; =M, —M[=-2,0, or +2 .

Nonzero matrix elements occur only between the 2P
and the 2D manifolds, and for each My value the fol-
lowing off-diagonal matrix elements are presented in
Table II.

The eigenstates of 3¢(Pb~) are now readily ob-
tained by diagonalization of the 20 X 20 matrix.
Closer inspection shows that it can be separated into
two 10 x 10 matrices which are related to each other
by time-reversal symmetry. For nonzero values of
the crystal-field parameters D and &, a Kramers
doublet forms the lowest level. If one of the ground
states is obtained from diagonalization of one of the
10 x 10 matrices as

ley =73 3 Cusmm|LSM Ms) |

LSM; Mg

where the real coefficients CLSML My are Zero unless
301

M;=M, +Ms=-+, 5, 0r -;—, then the second one
is obtained by time conjugation®®:
Ig) = 2 2 CLSMLMS(_I)
LS My M
x|L,S, — M, — Ms)

L—ML+S—MS
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TABLE II.  Off-diagonal matrix elements of the model Hamiltonian JC [Egs. (6)—(8)] for each

Mg value.
12D, —2,Ms) 12D, —1,Ms) 12D, 0,My) 12D, 1,My) 12D, 2,My)
2 2 2
(*P, —l,Msl 0 ?D 0 '5-3) 0
(2P, 0,M;| —868/5 0 0 0 V86/5
(P, 1,Ms| 0 -0 0 -ip 0

if the usual phase relation between the LS states is
chosen. The ground doublet is now identified with
the states of the effective S = % spin Hamiltonian
(3). The g* parameters are calculated from the ma-
trix elements of the Zeeman Hamiltonian

JCZ = Eﬂnﬁ'( T, +2_S.1)-'= Mgﬁ'(r +2§)
i

within the ground doublet. The operators L and S do
not possess matrix elements between different LS
manifolds and within a manifold the matrix elements
are easily calculated.

In order to eliminate redundant calculations only
the range of D and 8 values limited by

D<), D<E<O )

must be considered. Indeed, permutation of the
reference axes transforms the crystal-field parameters
according to

D) +58(X.7.7) ,

»l
<l

D(Z,%,7) =—5(

»

)-5 8(X,7.7) ,

N|

8(Z,%,7)=—39(X,7,

6 T T T T T T
——d/F, =-01 3gIPEI~
- —-d/F =20 >
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FIG. 5. The calculated g°f components for Pb~ in an
orthorhombic crystal field as a function of the crystal-field
ratio a =&/D for three values of D/F,, the ratio of the
dominant crystal-field term D to the Slater-Condon parame-
ter F,. In the calculation the spin-orbit-coupling parameter
was taken as ¢ =8.5 F, (see Fig. 6 and Table IV).

which yields

oo _ 8 _ 14+a(X,¥,7)
a(Z, X, V) ===
D 1-3a(X,7.2)

and, in a second case according to

(7,7, %) =-3D(X.7.D) - ; 6(X.7.7) ,

),

N|

8(7,Z,%X)=3D(X,7,7) -+ 6(X,7,
and

o= = _1-a(X,¥,7)

o(y.7.%) 1-3a(x,y,z)
Moreover, it is seen that an interchange of the X and -
y directions leaves D unchanged and reverses the
sign of &, and thus also of a. By suitable choice of
the reference axis one can describe any crystal field
v, [Egs. (8)] using D and 8 parameters within the
range given above [Eqs. (9)]. Exactly the same
transformation properties are found for the spin-
Hamiltonian parameters D and E [see Eq. (2)].

In Fig. 5 the g°T parameters of the Pb™ ion, calcu-
lated for three different values of D/F,, are plotted
as a function of the ratio a =&/D. The ratio
&/F,=8.5 which was used for Pb~ is discussed below.
For a weak crystal field ® (D/F, << 1) the g
parameters of the S =% formalism [Eqgs. (4)] are
recovered with an isotropic g factor g (Pb™) =1.71 of
the free Pb~ ion. For values of D and & comparable
to the free-ion energy splittings, large deviations are
found from the S =% relations [Egs. (4)]. A very
close fit of the experimental g° parameters is now
possible for each of the Pb™ defects.

2. Fit of the experimental g® parameters

A variation of the model parameters ¢/F;, D/F,,
and a =8 /D, allows a fit of the experimental g®
values for each of the Pb™ defects in KCl. The best
fits for Pb~ (1), Pb~ (2), and Pb~ (4) were obtained
by a minimalization of the function

o= 3

i=x,y,z

glcalc — g_expt 2
i

expt
&
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the sum of the squares of the relative errors on the
£° parameters. For values of ¢/F, between 1 and 20
the function ® was minimized with respect to D /F,
and a=8/D. The minimum value &, is used to
calculate the variance @, of the g° parameters,

q);nin = (‘1)min/3)l/2 s (10)

which is a measure for the average relative difference
between the experimental and theoretical g* values.
This minimal value of the variance is shown in Fig. 6
as a function of ¢/F,. The best fits of the g°f values
are obtained for values around &/F,=8.5, and it is
comforting to see that the minima of the ®,;, curves
for the defects lie very near to each other. Later in
this section this value of £/F,=38.5 is shown to be
close to what is obtained from an extrapolation of the
¢.and F, values using the atomic data from the
isoelectronic series Rn**, At?*, Po*, and Bi’.

The best fits of the g° parameters of Pb~ (1), Pb~
(2), and Pb~ (4) obtained for ¢/F,=8.5 are listed in
Table III, together with the corresponding crystal-
field parameters. The z axis is chosen along the
direction with lowest g value. This corresponds to a
dominant negative D component of the crystal field
along this axis. We have always chosen the y axis
along the principal direction of the defect which is
parallel to (100). For this reason we have to use
both positive and negative values of « to list the
crystal-field parameters calculated for the Pb™ defects
(Table III).

A slightly different fitting procedure had to be ap-
plied for Pb~ (3) because only two independent g°
values, i.e., g and

g (9=60°, ¢ =54.7°)

- [%(gyerr)z +%[(gxeff)2 + (gefh)2] )12

5 T\ T T TTTT T
\
\ kS _
JARY B Pb™(2) —~
— |\ |
€ \ po(1) /)
O 3 &
S3r
k=2
L
(S5
2,
=
<
Mppm \ .
\ / Ket:pocl,
\ /
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L1 | 1
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FIG. 6. The variance @y, of the g* parameters [see Eq.
(10)] which is obtained from a minimalization procedure
with respect to the crystal-field parameters D/F, and
a=§& /D, is shown as a function of the ratio of the atomic
parameters £/F,. The value ¢/F,=8.5, which was chosen

for fitting the g¢f parameters of the Pb™~ defects, is indicated
by vertical arrows.

could be measured. The ratio £¢/F,=8.5 was not
varied. The crystal-field parameters D and & were
determined in such a way that the theoretical g
values exactly reproduce both the experimental g,elrr
and g (§=60°, ¢ =54.7°). This yields the D and &
parameters as well as the theoretical g and gf“
values (see Table III).

The energy-level diagram of the Pb~ (1) defect is
shown in Fig. 4 together with that of the hypothetical
free Pb~ ion. The parameters given in Table III are
adopted. It is observed that the energy shifts and
splittings resulting from the crystal field are compar-

TABLE III. Best fit of the T parameters of the Pb~ defects in KCl, obtained for the ratio
&/F,=8.5 (see text). The calculated g,e" values are compared to the experimental ones and the
crystal-field parameters D/F, and a=§&/D are listed; F, is estimated to be =800 cm™!.

geft & gt D/F, a=8/D
(110) (100) (110)
Pb~ (1) expt. 3.555 1.151 0.6857
theor. 3.526 1.141 0.6925 -26.0 —-0.124
Pb~ (2) expt. 1.114 3.668 0.6595
theor. 1.090 3.590 0.6758 -25.7 0.132
Pb~ (3) expt. cee 8 4,033 s 8
theor.? 1.171 4,033 0.7922 -19.6 0.182
Pb~ (4) expt. 3.792 1.546 0.9458
theor. 3.785 1.543 0.9477 —-20.1 -0.130

*The g and g2 values could not be experimentally determined. The crystal-field parameters are
determined in such a way that the experimental values of g;" and g°f (9=60°, ¢ =54.7°) =2.938

(see Table I) are exactly reproduced by the theory.
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able in magnitude to the free-ion level splittings. Ar-
rows indicate sizable admixture of excited states of
the free Pb~ ion in the ground doublet of the Pb~ (1)
defect. The amount of admixture is given in percen-
tage for each contributing free-ion level. It is seen to
be rather important (a total of 17.5%), and it has
quite an influence on the ground-state g parameters
because different J values are mixed in by the crystal
field. These observations justify our approach of a
full diagonalization of the energy matrix, which is not
easy to replace by an approximation scheme.

3. Estimation of the atomic parameters of Pb~

Since the free Pb™ ion may not be a stable species,
no atomic data are directly available. A compilation
of data of ions with a 6p° configuration, Rn**, At**,
Po*, and Bi’, are given in Table IV. Optical data are
available only for Bi’, Pb* (6p!), and Pb® (6p?).
From relativistic Hartree-Fock calculations, values
are available for the other ions.?””?® The spin-orbit
parameters are quite reliable although they are be-
lieved to be slightly overestimated. The Slater-
Condon parameter is also overestimated by
(20—30)%. This observation follows from a compar-
ison of the data in the first and second columns of
Table IV for the Bi® and Pb® atoms.

The calculated values of ¢ and F, possess a nearly
linear behavior as a function of the atomic number in
the isoelectronic series of Pb™. By linear extrapola-
tion, using the theoretical values for Po* and Bi’, one
obtains ‘‘theoretical’’ values of ¢ and F, for the Pb~
ion. The latter are reduced by the same percentage
as found for Bi® (5% for £, 24% for F,) in order to
obtain the following estimate of the atomic parame-

TABLE IV. Atomic parameters derived from optical data
(¢°Pt and F§P) or from relativistic Hartree-Fock calculations
(¢RHF and FRHF) given in wave numbers.

Ion §opt Ffpt ERHF FZRHF

Rn3* 25000¢

At 19 600° 1790¢
Po* 14 800° 1590¢
Bi® 101002 9902 10 600° 1320¢
Pb° 72942 921.52 80704 1200°
Pb* 9400 .-

2Reference 25.

bDetermined from €°"'=%A, where A is the experimental
energy splitting between the 6p,, and the 6p3/, states of the
ground configuration of Pb*.

¢J. Andriessen (private communication).
9From Ref. 28.

ters for Pb™:
£=6100cm™!, F,=800cm™ .

The resulting ratio &/F, is close to the ratio 8.5 ob-
tained from the best fits of the g°T parameters of Pb~
in KC1. This supports the validity of our analysis.
We note in passing that for Sn™ the values ¢ = 1500
cm™! and F, =730 cm™ were estimated.!’

The parameters ¢ and F, are expected to decrease
through the series Pb*, Pb°, and Pb~, because the
atomic orbitals tend to compress when the net charge
of the ion increases towards positive values. This is
in agreement with the values shown in Table IV and
those given above for the Pb™ ion. The extrapolation
of £ and F, is a rather rough procedure. Moreover,
it is not known for certain whether or not Pb™ is a
stable ion in the free state. A relativistic restricted
Hartree-Fock calculation®’ yields a stable Pb*~ jon for
values of x up to =0.95. An unrestricted calculation
could conceivably yield a stable ion for x =1. It may
be that the Pb~ ion in KCl is stable only because of
the crystalline environment, and this can have an in-
fluence on the magnitude of the atomic parameters.
Therefore, the value £/F;,=38.5 is considered to be
the most reliable one, because it is derived from ex-
perimental data.

D. Comparison of the Pb™ and Sn™ crystal fields

In Ref. 17 the axial crystal-field parameters of the
spin Hamiltonian (2) was very roughly estimated to
be D =27 cm™! for the anisotropic Sn~ defects in
KCL:Sn?**. The corresponding crystal-field splitting
2D =54 cm™ is very small compared to the ground-
state splitting of the various Pb~ defects which is cal-
culated to be =2500 cm™! (see Fig. 4). The question
arises whether the crystal fields that the Pb™ undergo
are really about two orders of magnitude larger than
in the case of Sn~. The answer is no: the effect of
the crystal potential is felt more strongly by Pb™ be-
cause of the appreciable orbital angular momentum
mixing in the ground state compared to Sn™ and be-
cause Pb~ probably possesses a somewhat larger (r?)
value than Sn™.

In order to demonstrate this the procedure of Sec.
IVC was used and the ground-state splittings of the
Sn~ and Pb™ ions were calculated in an axial field of
the type (8) with®=—10*cm™, i.e., a D value com-
parable to those found for the Pb™ defects (see Table
III). The calculations yield a splitting of ~13 cm™
for Sn™ and of ~ 880 cm™! for Pb™. This separation
is quite sensitive to small changes in the values of
the atomic parameters, going with the third power of
£/F, in the case of Sn~. However, it is abundantly
clear that for comparable crystal-field potentials the
Sn~ and Pb™ ground-state splittings differ from each
other by nearly two orders of magnitude. Similar
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results were found for pure orthorhombic fields
(D=0, §=0).

E. Possibility of Jahn-Teller distortions
in the case of Pb™ centers

The possible structures for the various Pb™ centers
will be discussed in Sec. VI but because of the sizable
orbital angular momentum presence in the fourfold-
degenerate ground state of the free Pb~ ion, it seems
quite possible that in at least one of these centers the
Pb~ occupies an unperturbed octahedral anion site
having undergone a mixture of E,- and T,,-type
Jahn-Teller (JT) distortions. The latter are possible
JT deformations because?® I'y X T'g contains E, and
Tyg; T'g is the Pb™ ground state in an octahedral en-
vironment.

A rough estimate of the JT energy is the difference
of the ground-state energies of the free Pb™ ion and
of the Pb~ (1) defect and from Fig. 7 one deduces
E;7(Pb™) =2500 cm™!. This value is many times a
typical phonon frequency (—~200 cm™') and a static
JT effect is indeed expected to occur.

The foregoing conclusion hinges on whether or not
a distortion of reasonable size, 10% say, does indeed
result in a crystal-field strength D =—2 x 10* cm™!
(see Table III), and consequently in a Ejr
(Pb~) =2500 cm™'. To this end the D and & param-
eters resulting from the displacement of only the
nearest-neighbor K* ions are calculated in a simple
point-ion approximation:

D =-9eX(3qs+qr) (r})/R*
=—3eX5qz—qr) (r*)/R* ,

in which R =5.95 a.u. is the Pb™—K™ distance, and
g and g7 are the distortion coordinates. In a pure E,
mode the K" ions in the (x,z) plane [see Fig. 18(a)]
are displaced by gz towards the Pb™ ion, while the

- + -

+ Sn 0+

- + -

(a)

Sn” (cubic)
+ - + + [=] +
- E] - - -
+ Sn + + Si o+
- % - - s -

(b) (c)
Sn” (tetrag)

FIG. 7. (a) Schematic two-dimensional model in a {100}
plane of the Sn™ (cubic) center in KCI:Sn2*; (b), (c) two
most probable models of the Sn™ (tetrag) center in
KCL:Sn?* (from Ref. 17).

two K* ions on the z axis are displaced outwards by
2ge. In a pure Ty, distortion the four K* ions are
displaced by gr perpendicular to the line connecting
the Pb~ to the K* ion. For this calculation one needs
the (r?) value for the 6p orbital of Pb~. For the TI°
6p electron (r?) was calculated to be'® 12 a.u. The
Pb~ value could be somewhat larger. Using (r?) =12
a.u. as a lower bound for Pb~, we obtain the Pb™ (2)
parameters D =—2 x 10* cm™ and «=0.13 for a
combined E,; and T, distortion gz =0.041R and
qr=0.115R. It is concluded that the size of the ob-
served crystal-field strength (Table III) can easily be
caused by a JT deformation and that E;; (Pb~) —10°
cm™! is a reasonable magnitude for the JT energy.

If E;r (Pb™) =2500 cm™!, then based on the calcu-
lation presented in the preceding subsection we esti-
mate for a Sn~ on an unperturbed anion site in KCl
that E;r (Sn™) =30 cm™. This is far too small to
result in a static JT distortion and a motionally aver-
aged ESR spectrum is expected even at very low tem-
peratures. An isotropic Sn~ ESR spectrum was
indeed observed!” in KCI:Sn?* at temperatures as low
as 2 K and it was attributed to a Sn™ on an octahedral
anion site [see Fig. 7(a)]. The viewpoint that this
Sn~ (cubic) center was a dynamic JT system was not
stressed in Ref. 17, but that it may be such a system
is underscored by the observation that the Sn™ (cu-
bic) ESR line is exceedingly sensitive to external
uniaxial stress: in a preliminary experiment we have
observed that a weak stress applied at liquid-He tem-
peratures rapidly splits and broadens the ESR line. If
the Sn~ were pure *S3,; no such strong effects would
be expected.

One might extend this type of reasoning to the Sn~
(tetrag) center observed in KC1:Sn?*. In this defect
of tetragonal symmetry around z Il (100) a substitu-
tional Sn™ on an anion site is perturbed by a nearest-
neighbor positive-ion vacancy or a divacancy [Figs.
7(b) and 7(c)]. One can easily imagine that such a
structure also occurs for a Pb™ center. Ina
strong—crystal-field picture one can argue that the p,
orbital is repelled by the negative charge of the
positive-ion vacancy, leaving the three electrons in a
degenerate {p,,p,} pair in a {100} plane perpendicu-
lar to the z Il (100) direction. This last degeneracy
will be lifted by a JT distortion in the {100} plane. If
the E,r is sufficiently large a static JT effect will
result and an orthorhombic ESR spectrum will be ob-
served in spite of the fact that such a Pb™-center
model, at a first glance, seems to possess tetragonal
symmetry around (100).

V. PRODUCTION, THERMAL, AND PHOTOCHEMICAL

PROPERTIES OF THE Pb~ DEFECTS

In Sec. IV it was shown that the basic entity under-
lying the four ESR spectra must be in each case a
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Pb~ ion occupying a negative ion site. The four
centers differ among each other by the magnitude of
the crystal-field parameters, i.e., by the nature and
number (if any) of the perturbing entities in the im-
mediate vicinity of the Pb™ ion. In the present sec-
tion, results are presented of various experiments
which were performed with the aim of better under-
standing the production and precise structure of the
various Pb™ defects. These experiments deal primari-
ly with production by x irradiation, thermal anneal-
ing, and optical excitation. In all the experiments the
changes in the Pb™-center concentrations were moni-
tored by measuring the intensities of corresponding
ESR transitions under the same recording conditions
and with the static magnetic field along (100). In
monitoring the concentration changes the § =90°,

¢ =90° transition was used for Pb~ (1) and Pb~ (3)
and the §=45°, ¢ =0° transition for Pb™ (2) and Pb~
4).

It was noted in Sec. IV in connection with the ESR
parameters, the g values in particular, that the Pb™
centers should be grouped into the Pb~ (I)-type
centers Pb™ (1) and Pb™ (4), and the Pb~ (II)-type
centers Pb~ (2) and Pb~ (3). It will become clear in
the present section that this classification also reflects
on many of their production, thermal, and photo-
chemical properties.

A. Production and thermal properties

No Pb™ ESR spectra are observed in KCI:Pb?* ei-
ther after x irradiation at 77 K or after a subsequent
warmup to any temperature. The same behavior is
observed for x irradiations at temperatures approach-
ing 220 K, but above this temperature it becomes
possible to produce all four Pb™ defects. Figure 8
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FIG. 8. Intensities of the four Pb™ centers in KCI:PbCl,
obtained by x irradiations lasting 20 min at successive tem-
peratures above 220 K. Before each x irradiation the sample
was heated to about 500 °C in order to destroy all radiation-
produced defects.
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FIG. 9. Production of the Pb™ (1) and Pb™ (2) defects in
KCIL:PbCl, as a function of x-irradiation time at room tem-
perature. A similar behavior is observed at lower irradiation
temperatures.

shows the intensities of these centers after 20 min of
x irradiation at successive temperatures above 220 K.
Before each x irradiation the crystal was restored to
its initial state by heating it to about 500 °C. By this
treatment all radiation-produced defects are eliminat-
ed. From Fig. 8 it is clear that for all Pb™ centers
maximum production is attained in the temperature
interval 250 to 280 K. The weak Pb™ (3) and Pb~

(4) ESR signals decrease below the detection limit for
x irradiation above 280 K.

The production of Pb~ (1) and Pb~ (2) centers as a
function of x-irradiation time at RT is presented in
Fig. 9. Both Pb~ defects reach a maximum after
about 25 min for our particular experimental setup.
The behavior at lower irradiation temperatures is
similar, and this is also true for the Pb~ (3) and Pb~
(4) centers.

150 ' f
KCl:PbCl,
T=77K

100 Pb~(1) -

50 ¢
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______ ¥ ..____.X____I__-..___F
0 5 10 15 20
TIME (min)

FIG. 10. Production of Pb™ centers in KCI:PbCl], as a
function of x-irradiation time at 77 K in a sample which had
first been x irradiated for 10 min at room temperature.
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FIG. 11. Pulse-anneal results for a KCI:PbCl, sample
which had first been subjected to a double x irradiation: 10

min at room temperature followed by 10 min at 77 K (see
Fig. 10).

It was found that a higher concentration of Pb~
(I)-type centers could be obtained by first x irradiat-
ing the KCI:Pb?* sample at RT for 5—10 min, fol-
lowed by an x irradiation of similar duration at 77 K.
The change in the Pb™-center concentrations by the
second part of the treatment is shown in Fig. 10: Pb~
(4) is produced in small quantities and Pb~ (1) in-
creases by a factor of 3; the Pb~ (2) concentration
decreases somewhat under this treatment.

Pulse-anneal experiments were performed on sam-
ples of KCI:Pb?* which had been x irradiated for 10
min at RT and at 77 K. The results are presented in
Fig. 11. Around 210 K a strong decrease in the con-
centration of the Pb~ (I)-type defects is observed.
This decrease coincides with the known Cl, = V-
center decay temperature.’® It is concluded that part
of the Pb~ (I) defects are destroyed by trapping a
mobile Vg-center hole thus forming what could be
designated as a Pb® (I)-type center. The concentra-
tion of the two Pb~ (II)-type centers shows an in-
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FIG. 12. Pulse-anneal results for a KCI:PbCl, sample
which had been x irradiated for 20 min at 250 K (see Fig. 8).

crease in the range 220 to 260 K. Whether or not
this increase is correlated with the ongoing slower
Pb~ (I) decay could not be ascertained. Pb~ (3) and
Pb~ (4) both disappear around 280 K.

In order to study the decay of the Pb~ (1) and Pb™
(2) centers another pulse-anneal experiment was per-
formed on a KCI:Pb?* sample x irradiated for 20 min
at 260 K. The results are presented in Fig. 12:
Around 270 K a small Pb™ (2) increase is observed
which appears to coincide with a much larger decay of
Pb~ (1). Above 300 K both centers decay and above
400 K Pb~ ESR absorptions are no longer observed.

B. Behavior of the Pb™ centers under
optical F-center excitation

An F center is an electron trapped at an anion va-
cancy. Optical excitation in the F band (A =539 nm)
at low temperatures (~ 15 K) produces mobile elec-
trons in the lattice but the anion vacancies remain
fixed. Only the mobile electrons can be retrapped at
other existing electron-trap centers under a low-
temperature optical F-center excitation.

The results of such an experiment are presented in
Fig. 13 for a KC1:Pb?* sample which had been x irra-
diated at 260 K for 20 min (see Fig. 8). The optical
F-center bleach at 15 K results in a sizable increase
of the Pb~ (I)-type concentration but little change in
the intensity of the Pb~ (II)-type centers is observed.
If the crystal is brought to RT after a 20-min x irradi-
ation at 260 K, the effect of an F-band excitation at
15 K on the Pb~ (1) concentration is even stronger:
In Fig. 14, a tripling of the Pb~ (1) intensity is ob-
served.

Both experiments strongly point to the existence of
electron-trap precursor centers for the two Pb~ (I)-
type defects. Such precursor centers will be called
Pb° (I)-type centers. No precursor centers seem to
exist for the Pb™ (II) defects. Their small decrease in

KCI:PbCl,
100 T=15K .

INTENSITY (arbitr. units)

TIME (min)

FIG. 13. Effect on the concentrations of the Pb™ centers
of an optical F-center excitation at 15 K. The sample had
first been x irradiated for 20 min at 260 K (see Fig. 8).
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FIG. 14. Effect of an optical F-center excitation at 15 K
on the Pb™-center concentrations. The sample had first
been x irradiated for 20 min at 260 K (see Fig. 8) followed
by a warmup to room temperature for another 20 min.

concentration under optical F-center excitation could
indicate either the occurrence of a low—cross-section
electron-trapping process leading to the production of
some Pb2~ (II)-type centers, or direct optical excita-
tion into an optical Pb~ (II) absorption band which
would happen to coincide with the F-center absorp-
tion band.

These results obtained from F-band excitation ex-
periments at low temperatures lead to a likely ex-
planation for the mechanism by which high concen-
trations of Pb~ (1) centers are produced during an x
irradiation at 77 K subsequent to an x irradiation at
RT (see Fig. 10). The RT irradiation produces a
large amount of Pb® (1) precursor centers and the
77-K irradiation produces mobile electrons which are
attracted to and trapped by the Pb® (1) precursors to
produce Pb~ (1). It may be emphasized here in pass-
ing that no such Pb® (1) precursors are produced by a
simple x irradiation at 77 K because no Pb~ centers
are observed after a subsequent optical F-center exci-
tation at 15 K.

Even taking into account the experimental errors it
is clear that the amount of Pb~ (1) produced by the
double x irradiation at RT and at 77 K (Fig. 10) is
higher than the amount produced by a low-
temperature optical F-center excitation (Fig. 13).
This is further illustrated by the following experi-
ment, the results of which are presented in Fig. 15:
A KCI1:Pb** sample was x irradiated for 10 min at RT
and then optically excited in the F band at 15 K so as
to achieve saturation (a doubling) in the production
of Pb~ (1) centers. Subsequently, the sample was x
irradiated for 5 min at 77 K leading to a substantial
increase in the Pb~ (1) concentration. A further op-
tical F-center excitation had no effect on the Pb~ (1)
intensity, pointing to the fact that all Pb® (1) precur-
sor centers had been used up. One possible explana-
tion for the lower Pb~ (1) center yield under F-center
excitation may be that, after 10 min of optical bleach-

150 f ‘
X_irrad Smin at 77K
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FIG. 15. Behavior of the Pb™-center concentrations under
optical F-center excitation at 15 K in a sample which had
first been x irradiated for 10 min at room temperature.
After 10 min of optical excitation the sample was submitted
to a 5-min x irradiation at 77 K after which the F bleach at
15 K was continued.

ing, a balance is achieved between the production of
Pb~ (1) through electron trapping by the Pb° (1) pre-
cursor on the one hand and a destruction of Pb™ (1)
centers, on the other hand, by direct optical excita-
tion into a Pb~ (1) absorption band which would hap-
pen to be close to the F band. This, however, needs
further study.

C. Behavior of the Pb™ centers under
optical Vx-center excitation

Similar experiments were performed by optical ex-
citation of the Vg-center band (A =365 nm) in sam-
ples which had first been x irradiated at RT and at 77
K. The latter irradiation strongly increases the Pb~
(1)-center concentration (Fig. 10) and also produces
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FIG. 16. Effect on the Pb™-center concentrations of an
optical Vg-center excitation at 15 K using 343-nm light. The
sample had first been x irradiated for 10 min at room tem-
perature followed by an equally long x irradiation at 77 K
(see Fig. 10).
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a large amount of Cl, = Vk centers. Optical excitation
of Vi centers results in the production of mobile pos-
itive holes in the lattice. As shown in Fig. 16 the Pb™
(1) center decreases strongly under such treatment
while Pb~ (2) remains virtually untouched. This
behavior parallels very much the one observed in Fig
11: The strong partial Pb~™ (1) decay around 210 K
was ascribed to trapping of holes from mobile Vi
centers. If the destruction of Pb~ (1) is indeed
caused by the trapping of a mobile hole, then Pb® (1)
centers are produced. However, the possibility that
Pb~ (1) decays because of a direct excitation into a
Pb~ (1) optical absorption band which happen to be
near the 365-nm region cannot be excluded without
further investigation.

VI. MODELS FOR THE Pb~ CENTERS

In trying to establish models for the various Pb~
defects one can draw on the data presented in this
paper and on the results obtained for the Sn™ defects
in Ref. 17. In spite of all this extensive information,
the task turns out to be a difficult one. Therefore,
we will from the outset simplify this task by trying to
find models for the dominant Pb~ (1) and Pb~ (2)
defects only. We have remarked on several occasions
that in many properties Pb~ (4) resembles Pb~ (1)
[they were called Pb™ (I)-type centers] and similarly
for Pb~ (3) and Pb~ (2) [the Pb~ (II)-type centers].
The Pb~ (3) and Pb~ (4) models are likely to
represent variations (albeit complex) on a basic
theme defined by the Pb~ (2) and Pb~ (1) models,
respectively.

Because all four Pb™ defects possess orthorhombic
symmetry, one can search for models in which a Pb~
on an anion site is, in general, perturbed by one or
more defects in the immediate vicinity. On the one
hand, it is unlikely that these perturbing entities are
unintentional impurities: All four Pb™ centers occur
in samples grown from very pure KCl1 (Br~ and Na*
impurity content <10 ppm) in a chlorine atmosphere
(very little oxygen content). On the other hand, it is
abundantly clear from the results obtained in Sec. V
that the Pb~ defects are created by treatments involv-
ing at least one x irradiation above 220 K. Because
at and above this temperature positive- and
negative-ion vacancies become mobile,!”1%22724 jt is
very likely that the perturbing defects are vacancies.
These are the only perturbations that will be con-
sidered.

In the following the merits and deficiencies of two
classes of Pb~-center models will be discussed: va-
cancy models and Jahn-Teller models. To be sure,
both classes involve vacancies, but in the vacancy
models the Pb~™ orthorhombic symmetry is induced
by one or more vacancies, whereas in the JT models
the orthorhombic symmetry is induced by a static JT

distortion of the Pb~ surroundings (see Sec. IV3E)
and nearby vacancies merely exert an additional per-
turbation.

A. Vacancy models

As stated above in-the class of vacancy models the
possibility of a static JT distortion is ignored and it is
assumed that the symmetry of the Pb™ defects is
determined by the number and type of vacancies in
the immediate vicinity of the substitutional Pb~. This
is in essence the procedure which was followed to
find plausible models for the Sn~ defects.!” In Sec.
IV C it was established that the dominant crystal-field
component D was strongly attractive along z Il (110)
and the proposed models should possess this proper-
ty.
Figures 17(a)—17(e) present some possible defect
configurations. Not surprisingly, they are similar to
the ones proposed for the Sn~ (ortho) centers.!” In
Figs. 17(a) and 17(b) the negative ion vacancies will
attract the unpaired electrons making that the dom-
inant crystal-field term D is along the (110) direction
defined by the Pb™ and the vacancies. The model in
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FIG. 17. Schematic two-dimensional representation in a
{100} plane of a few simple ‘“vacancy models” for the Pb~
centers. In the vacancy models the orthorhombic symmetry
of the Pb™ centers is induced by the vacancies. Note the
subtle differences between models (a) and (b) and those of
(b) and (c) in Fig. 18.
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Fig. 17(c) appears unstable because of the two cation
vacancies repel each other. In fact the linear confi-
guration along (100) in which the substitutional Pb~
is flanked by the two cation vacancies is more likely
to possess the lower energy. In Fig. 17(d) this prob-
lem is alleviated somewhat because the additional
anion vacancy can act as a glue between the two ca-
tion vacancies. It is not obvious for the latter two
models what the direction of the dominant crystal-
field term will be. Finally, Fig. 17(e) presents an
electrically neutral model with Pb™ occupying a sym-
metric interstitial position in between the two anion
vacancies.

It turns out to be quite difficult to associate any
two of these models with Pb~ (1) and Pb™ (2). The
results presented in Table III show that Pb~ (1) and
Pb~ (2) possess virtually identical D values but oppo-
site @ =& /D values (i.e., the crystal field axes x and y
are interchanged). It is not obvious which of the five
possibilities shown in Fig. 17 generate comparable D
values. In particular, it seems impossible that models
(a) and (b) in Fig. 17 yield the same d value or oppo-
site a values. Without the help of detailed calcula-
tions it cannot be said for the other models whether
or not the sign of a will change from one to the oth-
er. The optical, thermal, and production data of Sec.
V are not very helpful either, primarily because the
detailed production sequences and mechanisms are
not very well known.!” If we must make a choice,
then the models of Figs. 17(a) and 17(e) are favored
because they could conceivably possess a comparable
D value (two anion vacancies are involved in both
cases) and the sign of a = &/D could be different for
the two. However, a more specific identification with
Pb~ (1) and Pb~ (2) is not possible without further
investigation.

Within the framework of the vacancy models, one
glaring question remains unanswered: Why are no
Pb~ defects formed analogous to the Sn™ (cubic) and
Sn~ (tetrag) centers (Fig. 7) which are so easily and
strongly produced in KC1:Sn?*? One does not expect
the properties of Sn?* and Pb2* impurities to be so
drastically different from each other that those two
types of Pb™ centers would not be formed at all.

B. Jahn-Teller models

The Jahn-Teller models offer a more fruitful base
for discussion. In these models it is assumed that the
neighborhood of the substitutional Pb™ undergoes a
strong JT distortion and that vacancies, if present,
merely exert an additional perturbation on the center.
The likelihood for the occurrence of static JT distor-
tions for Pb~ was discussed in Sec. IV E. A few pos-
sible simple structures all involving JT distortions are
presented in Figs. 18(a)—18(d).

Figure 18(a) represents a Pb~ ion on an unper-
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FIG. 18. Schematic two-dimensional representation of
several ‘‘Jahn-Teller models’’ for the Pb™ centers. In these
models the orthorhombic symmetry is induced by a JT de-
formation of the immediate surroundings, and the vacancies
merely exert an additional perturbation. In model (d)
(represented in a {110} plane) the perturbation could also
be a divacancy as in Fig. 7(c). Note the difference of
models (b) and (c) with those of Figs. 17(a) and 17(b).

turbed anion site having undergone a mixture of Eg
and T, distortions (only the displacements of the
nearest neighbor K* ions in a {100} plane are indi-
cated on this schematic figure). This model is struc-
turally identical to the Sn™ (cubic) center shown in
Fig. 7(a). A simple electrostatic consideration strong-
ly suggests that the z axis of the center is oriented as
shown in this figure.

In Figs. 18(b)—18(d) this basic structure is per-
turbed by vacancies but in all cases the JT distortion
is assumed to be the strongest effect and the dom-
inant crystal-field term D remains oriented along
z 11[110]. Furthermore, the value of the parameter
D is expected to be nearly the same for all the
models in Fig. 18. This is an attractive feature of the
JT models compared to the vacancy models because
it explains in a natural way the near equality of the
observed D values in Table III. Furthermore, the
weakly perturbing vacancies can now be held respon-
sible for changing the sign of a =8 /D, i.e., for inter-
changing the crystal-field axes x and y (see Sec.
IVC1). Which specific configuration [(b), (c), or
(d) in Fig. 18] accomplishes this must be checked by
detailed calculations.

The Pb~ models (a) and (d) in Fig. 18 are structur-
ally identical to the Sn™ (cubic) and Sn™ (tetrag)
models shown in Figs. 7. The mere fact that one is
able to propose such models here is again a positive
feature of the JT models. The impossibility of even
considering them in the framework of vacancy
models was felt to be a great disadvantage.
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Progress can be made by comparing the produc-
tion, thermal, and optical properties of the Pb™ de-
fects (Sec. V) with those of the Sn~ centers.!” In
making such a comparison it is quickly realized that
Pb~ (1) has several pronounced features in common
with Sn~ (tetrag), to wit: (i) The optical F-
center—bleaching data strongly imply the existence of
both a Pb® (1) (see Sec. VB) and a Sn® (tetrag) pre-
cursor center under electron trapping; (ii) the con-
centration of both centers is strongly enhanced by an
x irradiation at 77 K if the crystal had been firstly x
irradiated at RT; (iii) a Vx-center bleach be it an op-
tical one (Sec. VC) or a thermal one (Sec. V A) sub-
stantially reduced the Pb~ (1) and Sn~ (tetrag) con-
centrations. In contrast, Pb~ (2) shares the Sn~ (cu-
bic) properties: (i) No precursor centers under elec-
tron trapping exist; (ii) F~ and Vk-center bleachings
have only a small effect (a reduction mostly) on the
concentration.

Consequently, within the framework of the JT
models a good case can be made to associate the Pb™
(2) center with the Sn™ (cubic)-type model of Fig.
18(a) and the Pb~ (1) center with a Sn™ (tetrag)-type
model in Fig. 18(d).

VII. CONCLUDING REMARKS

Through a detailed study of ESR spectra it has
been established that several complex Pb~ defects are
created in KCI:Pb?* by x irradiation above 220 K.
The identification of the Pb~ 6p ion being the
essential constituent of the defects was based on a
careful analysis of the strongly anisotropic g tensor.
It was found in particular that the Pb™ ground state
requires a coupling scheme intermediate between LS
and j-j. As a result the Pb™ ground-state splitting
(~10° cm™) in a crystal field of low symmetry is
roughly two orders of magnitude larger than in the
case of Sn™ (—~10 cm™!). The Sn~ 5p? is rather
well described by the LS-coupling scheme.

The substantial presence of orbital angular momen-
tum in the fourfold-degenerate free-Pb™ ground state
makes it highly probable that a Pb~ on an octahedral
anion site will undergo a static orthorhombic Jahn-
Teller distortion. This JT viewpoint, in contrast to
the so-called vacancy-model viewpoint, is shown to
be a fruitful one. Assuming the JT distortion to be
dominant in all the observed Pb~ defects and assum-
ing the nearby vacancies, instead of being the dom-

inant perturbation as in the vacancy models, to mere-
ly exert an additional perturbation, permits in a
straightforward way to understand the near constancy
of the observed axial crystal-field parameter D (Table
II1) , and leads to Pb~ defect structures [Figs. 18(a)
and 18(d)] which are similar to the Sn™ defects (Fig.
7). The latter conclusion is rather comforting be-
cause the similar impurity ions Sn?* and Pb?* in KCl
then do indeed behave similarly, but the conclusion
is not obvious at a first glance: The Sn™ ESR spectra
are isotropic and axial while the Pb™ ones are
orthorhombic. The existence of a dominant static JT
effect in all the observed Pb~ defects is not unambi-
guously proven in this paper but the available data
and their interpretation are, we believe, rather per-
suasive. Further experimental and theoretical work
on Sn~ and Pb~ centers, also in matrices other than
KCl, could be quite illuminating.

Two things were not discussed in this paper. First,
no analysis of the 2’Pb hyperfine parameters (whose
signs are not known) was attempted. Eventually an
in depth theoretical analysis may prove to be very im-
portant in the determination of the precise Pb~ defect
structures just as it was in the case of the complex
TI® defects in KCL.!® A specific difficulty in such a
theory, and also in connection with a theoretical
treatment of the JT problem, could be that Pb™ may
not be a stable ion in the free state but that it is sta-
bilized by the Madelung field in the alkali halides.
Second, no production mechanisms for the Pb~ de-
fects were discussed. The general ideas put forward
in connection with the production of the Sn™
centers!’ remain largely valid. The data obtained in
this paper (Sec. V) underscore once more the central
importance in these mechanisms of the mobility of
the anion and cation vacancies in KClI above 220 K.
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