PHYSICAL REVIEW B

VOLUME 28, NUMBER 3

1 AUGUST 1983

Interstitial T1° atoms in alkali halides: ESR study of a (111)-oriented T1,* center
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A (111 )-oriented Tl,* center is produced above 220 K by x-ray irradiation of T1*-doped KCl and
RbCl. A careful analysis of the X-band electron-spin-resonance spectra establishes that the two Tl
nuclei are equivalent, which implies that the center possesses inversion symmetry. The model pro-
posed is a TI,* center on a single cation site. Its production is believed to involve the trapping of a
mobile anion vacancy between a distant pair of substitutional T1* impurities and the trapping of an
electron in whatever order, an asymmetric relaxation of a Tl,* center towards a cation site and the
diffusing away of a divacancy. In a formal sense this Tl,* center may be viewed as being an intersti-
tial TI° atom trapped by a substitutional T1* impurity, although no mobile interstitial T1° as such is
produced by the x-ray irradiation. Its structure is formally analogous to the interstitial halogen
atom center, the H center. The possible effect of the presence of {111 )-oriented Tl,* on the lasing

properties of TI%(1) centers is briefly discussed.

I. INTRODUCTION

Several interesting thallium defects can be produced in
T1%-doped alkali halides. X-ray irradiation at 77 K of,
say, KCLTI" produces by simple electron trapping the
so-called primary TI%(0) center,' ~3 i.e., a TI°(6p') atom oc-
cupying an unperturbed cation site. The remarkable thing
about this center is that its electron-spin-resonance (ESR)
spectrum has so far eluded detection and a possible reason
for this has been proposed.*>

X-ray irradiation above 220 K creates the following
Tl%atom defects whose structures were established
through a careful ESR analysis>®: a substitutional TI'-
atom center perturbed by a single nearest-neighbor anion
vacancy, called the TI°(1) center, and one which is flanked
by fwo such vacancies, the T1%2) center. The notation is
transparent. The current interest in the TI°(1) centers
derives from the fact that they are superior lasing centers:
Stable tunable near-infrared color-center lasers are con-
structed possessing high cw and picosecond pulse outputs
which cover the (1.3—1.9)-um range in various alkali
halides.”~°

Higher laser outputs are obtained with higher TI%1)
concentrations and this can be achieved through stronger
TI* doping. However, the probability of having nearest-
neighbor substitutional T1*-T1* pairs increases concomi-
tantly and these too can trap electrons creating a (110)-
oriented substitutional Tl,* dimer center.!! This will be
called the “T1,*({110))” center from here on. Again its
electronic structure was determined from ESR studies.'
The T1,*({110)) may interfere with the lasing properties
of the crystals® but a large fraction of them can be elim-
inated by optical bleaching.

In this paper we present the ESR analysis of yet another
thallium center that is produced above 220 K, in all crys-
tals except the ones with very low T1* doping levels. It is
in many respects the most unusual one of all the thallium
defects. In Sec. III it will be shown that it is a (111)-
oriented Tl,* center, called T1,*({111)), possessing inver-
sion symmetry. Its proposed model, a Tl,* molecule ion
on a single cation site, is discussed in Sec. V together with

28

the possible production mechanisms. It is argued in Sec.
VI that this TI,*({111)) center represents the interstitial
TI° center trapped by another TI* impurity, very much
like the H center, a halogen X, molecule on a single
anion site, which is the manifestation of the interstitial
halogen atom X° center.!*~15 The final section ends with
a brief discussion of the thermal decay mechanism and of
the possible influence the Tl,*({111)) presence has on the
TI° (1) center laser.”1°

II. EXPERIMENTAL

The single crystals of T1*-doped KCl and RbCl were
grown from the melt in silica ampoules by the Bridgman-
Stockbarger technique from suprapure (Merck) KCl and
RbCI to which 2 mol % of TICI of ultrapure (Ventron)
grade was added. Prior to growing, the material was puri-
fied from oxygen by processing it in a reactive atmo-
sphere.!%® The TI* concentration in the crystals was
determined from the height of its absorption band at 247
nm and was found to be ~0.2 mol%. Several other
KCL.TI* samples with lower doping levels were also used
for determining the dependence of the thallium centers on
TI* concentration. The other experimental procedures are
the same as in Ref. 3. In particular, the tungsten x-ray
source was operated at 50 kV and 50 mA, and the white
light excitations were performed with a 60-W halogen
lamp.

III. ANALYSIS OF THE T1,+({111))
ESR SPECTRA

A. Qualitative analysis

The ESR spectrum which we shall identify with a
(111)-oriented Tl,* molecule ion, henceforth called
TI,*({111)), can be readily produced in KCl and RbCl
doped with ~0.2 mol % of TICl by a x-ray irradiation
above 220 K. The irradiation times are usually 30 min or
more (see Sec. IV).

KCI possesses the narrowest lines (between 2.0 and 5.0
mT) and the ESR spectra taken at 13 K are presented in

1219 ©1983 The American Physical Society



1220
TECIT) ©=54.74°
T ‘ 1 KCL Tt
U110
TI°(1) I
[ ,Tl++
L )
_ i FKI00)
1 | I
— I
TEM L 1l +1
L | TE<H0Y
T TBAN 8=3526° |
TG 8=90° o
0 10

04 06
MAGNETIC FIELD (T)

FIG. 1. ESR spectra at 13 K of the TI,*({111)) center in
KClI containing 0.2 mol % of TICI for H||(100) and H||(110).
The microwave frequency is 9.23 GHz. The lines originating
from TI%(1), TI**, and T1,*({110)) are also indicated. The sam-
ple had been x-ray irradiated for 30 min at room temperature
and optically bleached with 460-nm light at 80 K in order to
reduce TL,*((110)).

Fig. 1. The lines corresponding to the well-studied
TI%1), 3 T12+,1718 and the orthorhombic (110 )-oriented
TL,* dimer center'? [called T1,*({110)) from here on]
have been indicated. TI%1) possesses axial symmetry
around £|[(001) and the TI** line positions are isotropic.

An angular variation of the spectra reveals that there is
an ESR pattern possessing axial symmetry around
Z]|{111). These spectra exhibit many lines extending
from zero field up to.700 mT and they are characterized
by the angle 6 that the symmetry axis z makes with the
external magnetic field H.

It was established through a careful study of their pro-
duction, thermal decay, microwave saturation behavior,
and observability as a function of temperature, that all
these lines belong to the same center.

The spectrum is complex and does not lend itself to a
quick qualitative interpretation. However, the lines can be
divided into a set of high-field lines (between 380 and 700
mT) and a set of low-field lines (below 165 mT). This is
reminiscent of the ESR patterns of the (110)-oriented
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Tl,* center which were analyzed recently.!> We have con-
firmed that this ESR pattern of (111) symmetry does
indeed originate from a Tl,* species.

Thallium has two isotopes both with nuclear spin I =5 ;
the 70% abundant 2T [nuclear moment p; =1.6115uy
(nuclear magnetons)] and the 30% abundant 2Tl
(u;=1.5960uy. A Tl,* center comprises three isotopic
species, namely (*®°TI-2°TD*, (P°T12%TD*, and
(*®T1-2°T1)* with relative abundances 49:42:9. The latter
ratios hold for the cases where the two thallium nuclei are
equivalent with respect to the magnetic field H. The set
of high-field lines does not show such three line isotopic
splitting, but the low-field lines definitely do and with rel-
ative intensities that accurately obey the 49:42:9 ratios for
every angle 6. This is an important observation. It shows
that the two thallium nuclei are equivalent for all orienta-
tions of the magnetic field, or in other words that the
TL,*((111)) center possesses inversion symmetry. Be-
cause of the much larger linewidth (6.0—10.0 mT) the
T, ({111)) isotopic splittings are not observable in
RbCl.

B. Spin-Hamiltonian fitting

A quantitative fit of the ESR lines to a
S=+, I, =I,=7 axial spin Hamiltonian (usual notation),

X  loes wo = = :
=—HE S+S-AT)[1,+1,],

goks 8o gst (-1 + 1] m
fully confirms the Tl,* hypothesis. This fitting was per-
formed carefully using a computer diagonalization of (1)
together with a least-squares-fitting procedure.'? First, a
fitting was performed using only the high-field lines
(300—700 mT) which are essentially average line positions
of the (**TI-2%T1)* and (**T1-25T1)* species. Then, us-
ing the known ratio of the two thallium isotope nuclear
moments, the values for the A(2°T1) and A(*®*T1) com-
ponents were derived and these were subsequently used
and further refined in fitting the low-field lines.

Table I gives the values of the spin-Hamiltonian param-
eters for the dominant (?®*T1-25T1) center and Tables II
and III, where for KCl the calculated and experimental
line positions are compared, gives an idea of the excellent
quality of the fit. Equally excellent fits were obtained for
all the spectra in RbCl. Particularly satisfying is that the
calculated isotopic splittings (IS) between (*®T1-205T])*
and (P°TI-2T1)* never exceed 25% of the linewidth of
the high-field lines, thus proving that these splittings are
indeed unobservable (Table II). In contrast, the observed

TABLE L. Spin-Hamiltonian parameters of the **T1,*({111)) center in Tl*-doped KCl and RbCl.
The hyperfine parameters and the linewidth AH (between points of maximum slope) are given in mT.
The signs of the hf parameters were established in Ref. 12.

Temp. gt A ST
Crystal (K) (111) g’ (111) A (5T AH
KCl 13 1.8668 1.4385 +188.0 —220.8 3.5¢1.5
KCl 65 1.8648 1.4334 +187.7 —2214 3.5¢1.5
RbCl 13 1.8720 1.4264 + 188.9 —210.6 8.0+2.0
24+0.0003

5+0.2 mT.
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TABLE II. Comparison between the experimental (H ) and calculated (H ;) ESR line positions of
the high-field lines of the T1,*({111)) center in KCI:TI* at 65 K. For these lines the isotopic splittings
(IS)caic are not resolved. Also included are the experimental linewidth, AH ., and the calculated un-
normalized transition probability, P. The parameters of Table I were used. All units are mT except P.

6=35.26° 6=35.26" 0=54.74° 0=54.74° 6=90° 6=90°
H o 380.4 541.6 4145 607.5 459.9 701.9
Hee 380.4 541.6 414.6 607.5 459.9 701.9
AH 2.5 2.0 5.0 3.0 2.0
(IS )eae 0.00 0.54 0.01 0.68 0.01 0.91
P 0.94 0.81 0.46 0.47 0.46 0.42

isotopic splittings of the low-field lines are quite accurate-
ly reproduced (Table III). From which transitions between
the levels of (1) the ESR lines originate is illustrated for
0=>54.74° in Fig. 2. It should further be remarked that we
could not accurately measure line positions below 70 mT
and no attempt was made to make the correlation between
experimental and calculated lines in this field region.
However, the excellent fit obtained for the positions be-
tween 99 and 165 mT both for KCI and RbCl leaves no
doubt about the correctness of the Tl,* interpretation.

C. Discussion of the g and A components

The ESR parameters of T1,T({111)) as given in Table I
are very similar to those of Tl,"({110)) as determined in
Ref. 12. Approximating for simplicity of comparison to
axial symmetry the T, *({110)) parameters are

g =1.7618, g =1.2046 (2)

and

A4)=+190.4 mT, 4,=-258.4mT . (3)

It was noted that TlL,* and the X, centers”
(X=F,Cl,Br,I) possessed complementary electronic config-
urations and this permitted an analysis of the ESR param-
eters and a determination of the TI,* electronic struc-
ture.!2

A similar analysis can be applied to the T, ({111))
data. Comparing the Tl,*({111)) shifts Ag;=g,—g; in
Table I with those of T1,*({110)) in (2) one notices that
the latter are larger. In fact one finds A/E =0.45 for
T, *({110)) (Ref. 12) and A/E=0.34 for TL,((111))
where A =4900 cm ™! is the Tl,* spin-orbit coupling con-
stant and E the energy difference between the =, ground
state and the zﬂg excited state. One concludes more gen-
erally that the TI,*((111)) optical transitions should be

found at distinctly higher energies compared to those of
TL*((110)). In particular, the *3, —*I1, (*4,,—’B,,)
transition which occurs at 1.76 um for Tl,+((110))
should be shifted towards shorter wavelengths for
T, *({(111)). If one scales this transition according to the
two A/E ratios obtained above, the absorption band
should be found around 1.3 pm for Tl,*({111)) in KCL
If so, this could interfere with the lasing properties of the
TI%(1) center whose pumping transition is at 1.05 um and
whose emission is positioned at 1.5 um.”® A preliminary
optical absorption experiment did not reveal a detectable
absorption band near 1.3 um. There is one at 845 nm
whose properties seem to coincide with those of
T, *({111)), but a definite correlation has not been estab-
lished.

An analysis of the Tl,*({110)) hyperfine components
(3) yields

p=46 mT 4)

for the anisotropic part and

Ay=—19mT (5)

for the isotropic part of the hyperfine interaction. Of
these recalculated and improved numbers p is identical to
the one obtained in Ref. 12, but 4, is somewhat smaller.
It was shown!? that the 4, value was the sum of two
contributions namely —36 mT originating from exchange
polarization effects and + 17 mT from s mixing in the ZEg
ground state. A similar analysis yields for T, " ({111))

the following results:
p=52mT (6)

which is comparable to the Tl,*({110)) value in (4) and

Ay=—10mT @)

TABLE IIl. Comparison between the experimental (H ) and calculated (H ) ESR line positions of some measured low-field
lines of the T1,*({111)) center in KCL:T1T at 65 K. For these lines the isotopic splittings between the three possible TI,* species are
resolved because the linewidth AH is about 2.7 mT. The parameters of Table I were used. All units are mT except the calculated un-

normalized transition probability P.

0=35.26" 0=54.74° 6=90°
(T1205T))+ (OSTI2T)+ (STL205T])* (STI20%T1)* (STL205T1)* (OSTI2TI)*
Hon 104.7 99.0 132.5 126.4 163.9 157.5
Heae 104.7 99.1 132.1 126.1 164.3 157.9
P 0.34 0.35 0.15 0.15 0.25 0.25
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FIG. 2. Energy-level scheme for =54.74°, and corresponding to (**T1-2°TI)* of the Tl,*({111)) center ground state in KCL:TI*.
All transitions indicated were observed at X band but the ones below ~ 100 mT could not be accurately measured. For the low-field

lines ( < 165 mT) the Tl isotope effects are resolved (see Fig. 1 and Table III). The quantum number F corresponds to F=S+T.

which is larger than the T1,7((110)) value in (5). This
change is attributed to an increased s mixing in the
TI,*((111)) ground state compared to Tl,T({110)). The
significance of these results will be further discussed in
Sec. VL.

IV. SOME PRODUCTION, THERMAL
AND OPTICAL PROPERTIES

A. Production at room temperature

In KCI and RbCI samples containing ~0.2 mol % of
TI*, the TI,T({111)) center can be produced directly by
x-ray irradiation above 220 K, room temperature in par-
ticular. Because it is well established®?°~2? that anion va-
cancies produced by the x-ray irradiation become mobile
above 220 K this observation implies that an anion vacan-
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FIG. 3. Production by x-ray irradiation at 300 K of the
TLH((111)), TI%1), and T1,*({110)) centers as a function of
time in KCI containing ~0.2 mol % of TICl. The curves have
been normalized to the 120-min value.

cy is either involved in the Tl,*({111)) structure and/or
that it is necessary for its production (see Sec. V). The
production of Tl,*((110)), TI%1), and TI,*({111)) as a
function of irradiation time at 300 K is given in Fig. 3.

The intensities have been normalized to the value ob-
tained after 120 min of irradiation. It is seen that
T1,*({110)), which is a simple trapped electron center,
reaches most of its final intensity during the first 10 min
and after 20—30 min it exhibits already a definite decay.
T1,*({111)) and TI%1) acquire a large fraction of their
intensity only after 30 min and keep on increasing slowly
afterwards. The TI,*({111)) production is somewhat
faster than the T1%(1) one.

B. X-ray irradiation at 77 K followed by a warm up

In crystals containing a lower T1* concentration (~0.02
mol %) another procedure is possible: X-ray irradiation at
77 K followed by a warm up to above 220 K also produces
TL,*({111)) together with TI%1). This is illustrated in
Fig. 4 where the results of a pulse anneal above 210 K are
presented. At the latter temperature the Vx center'® (the
self-trapped hole center) has already decayed destroying in
the process some primary TI%0) and T1,*({110)) and
producing a large amount of TI>*. The relative intensities
in Fig. 4 are completely arbitrary.

It is seen from Fig. 4 that TI,*((111)) and TI%1) are
produced simultaneously above 220 K. This again strong-
ly supports the conclusion (Sec. IV A) that an anion vacan-
cy is involved in the structure of the Tl,¥({111)) center
or that it is an indispensable entity in the production of
Tl ({111)) (see Sec. V). In the (260—300)-K region
TI%1) decays but Tl,*((110)) and TL,*({111)) keep on
increasing. In this region the primary TI%0) centers,
which are unobservable in ESR, are known to decay. The
mobile electrons thus produced are trapped by nearest-
neighbor T17-T1* pairs enhancing the Tl,*({110)) con-
centration but they destroy part of the TI°(1) centers. In
the same temperature region Tl,T({111)) increases fur-
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FIG. 4. Pulse anneal above 210 K of a KCL:TI* sample
(~0.02 mol %) which had first been x-ray irradiated at 77 K for
20 min. At 210 K the Cl,~ Vi centers have decayed producing
TI2* and destroying some Tl* and primary TI%0) in the pro-
cess.

ther. Both Tl,*({111)) and T1,*((110)) decay from 300
K onwards and their half-life at this temperature is rough-
ly 1 h but Tl,*({111)) decays somewhat faster than
TL,((110)). At 350 K they have disappeared complete-
ly. The T1%1) centers remain stable until® 410 K.

C. Production as a function of T1* concentration

The production of TL*({110)), TL,*({111)), and
TI(1) as a function of TI* concentration can be described
as follows. The T1,*({110)) rises fast, close to quadrati-
cally, with the TI* content. TL,*({111)) and TI%(1), on
the other hand, also increase with T1* concentration, but
tend to level off above 0.05 mol% of TIt. It is
noteworthy that hardly any T1%2) centers are produced in
the heavily Tl*-doped crystals, an observation that was
not stressed in Ref. 3 (see Sec. VI).

D. Thermal decay and optical excitation

A few experiments were performed in order to obtain
insight into the thermal decay mechanism of the
TL,*((111)) center. In a first experiment a sample was
x-ray irradiated for 30 min at room temperature and was
then subjected at low temperatures (<180 K) to a few
minutes of white light excitation. The white light mainly
excites the T1,*({110)) absorption bands at'!! 460, 860,
and 1760 nm and the F center at 540 nm producing
mobile electrons in both cases. The Tl,*({110)) and T+
are observed to decrease strongly by this treatment but the
TI%1) and T1,*({111)) increase substantially. This tech-
nique was used to obtain cleaner Tl,*({111)) ESR spec-
tra. Figure 1 represents an intermediate step with a cer-
tain amount of T1,*({110)) left for orientation and refer-
ence purposes.

The same experiment was repeated but now on a sample
which had been x-ray irradiated at 260 K, i.e., a tempera-
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ture at which Tl,*({111)) possesses no thermal decay
(Fig. 4). Again T1,*({(110)) and TI*>* are destroyed and
T1%(1) is enhanced but Tl,*({111)) now shows hardly any
increase.

In another experiment a sample was x-ray irradiated at
room temperature and Tl,*((111)) and T1,*((110)) were
allowed to decay at that temperature for about 2 h. Typi-
cally about 25% of T1,*({111)) was left and about 35%
of T,*((110)). A subsequent white light excitation at
180 K (where anion vacancies are immobile) destroys the
remaining T1,*({110)) within 1 min but T, *({111)) al-
most doubles in intensity within the first 30 sec after
which it remains constant.

Finally, if a sample containing Tl,*({111)) is warmed
to 350 K for a few minutes all TI,*({111)) disappears
and its concentration cannot be regenerated by a white
light excitation below 180 K. The implications of these
observations for the thermal decay of Tl,*((111)) will be
discussed in Sec. V1.

V. MODEL FOR THE TL;*((111)) CENTER
AND PRODUCTION MECHANISM

The model that will be proposed for the Tl,*({111))
center must account for two crucial observations: (i) the
T, ({111)) center possesses inversion symmetry (Sec.
ITD) and (ii) a negative ion vacancy is either involved in the
structure or it is essential in its production mechanism
(Secs. IV A and IV B).

A. The trivacancy model

In trying to find a (111 )-oriented Tl,* one starts from
the observation [Fig. 5(a)] that moving away from a sub-
stitutional T1* impurity at (0,0,0) the nearest possible sub-
stitutional T1* along (111) is encountered at (2a, 2a, 2a)
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FIG. 5. Schematic production sequence presented in a (110)
plane of the TL,*({111)) center by x-ray irradiation at 240 K.
This production sequence is based on a {111)-oriented distant
pair of substitutional T1* ions in an alkali-halide lattice but oth-
er pairs also contribute (see Fig. 6).
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where a is the smallest halogen-alkali distance. In between
sits a C1~ at (a,a,a). A mobile negative ion vacancy pro-
duced by the x-ray irradiation above® 220 K can be stabi-
lized at (a,a,a) in between the two TI* impurities [Fig.
5(b)]. This (111)-oriented T1*-anion-vacancy-T1* com-
plex can now trap an electron. It could be trapped by ei-
ther one of the TIt to form a TI® atom, but the center can
lower its energy by forming a molecular bond between T1°
and TI* thus producing a (111)-oriented Tl,*. One can
envisage the two thalliums relaxing symmetrically towards
each other resulting in a Tl,* whose midpoint is posi-
tioned exactly at the anion site [Fig. 5(c)]. Such a model
possesses inversion symmetry but it is a most awkward
one: A positive molecule ion is situated at a negative ion
site.

B. The single-vacancy model

The trivacancy model of Fig. 5(c) as discussed in the
foregoing paragraph (Sec. V A) can hardly be taken seri-
ously. Therefore, we propose the following: Rather than
relaxing symmetrically towards the anion vacancy, the
two thalliums relax to one of the two symmetrically posi-
tioned cation sites [Fig. 5(d)]. However, in such a model
the (111)-oriented Tl,* would be perturbed on one side
by a divacancy and the T1,*({111)) center would not pos-
sess inversion symmetry and consequently no equivalent
Tl nuclei. The final step then is to propose that the
(111)-oriented divacancy diffuses away either as a unit or
as separate vacancies [Fig. 5(e)]. Such diffusion is possible
because both the anion vacancy®>?*°~?? and the cation va-
cancy? are independently mobile above 220 K.

C. Alternative production schemes

Accepting the model for the TI,*({111)) center as in
Fig. S(e) one realizes that there are at least three other
pairs of substitutional TI* ions from which the
T, T((111)) center can be produced using essentially the
same production sequence as in Figs. 5(a)—5(e). The con-
figurations are given in Figs. 6(a)—6(c). Inspection shows
that these pairs can trap an anion vacancy in between or
next to them. Subsequent trapping of an electron, an

bor .
+ ++T+  + T+
PTrrr i
S @ b
LTy iiis
T+ o+ TOTE 4
T @

FIG. 6. Various pairs of T1* ions in an alkali halide which
can trap an anion vacancy in between or next to them and which
can all result in a TL,*({111)) center [Fig. 7(a)] after asym-
metric relaxation of the Tl,* molecule ion.
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asymmetric relaxation of the Tl,™ towards a cation vacan-
cy, the diffusing away of a divacancy, and finally the seek-
ing out of the (111) equilibrium orientation leaves one
with identically the same TI,*({111)) model as in Fig.
5(e). It is quite possible and even likely that all these pairs
contribute to the formation of Tl,*((111)) centers. This
explains why this rather unusual center is produced rapid-
ly and with concentrations that are comparable to the
T1%1) one. Furthermore, because these TI+ pairs compete
strongly with the isolated T1" impurities for mobile anion
vacancies it is also clear why very few TI%2) centers® are
produced in the heavily doped crystals. Indeed, the pro-
duction of T1%2) requires two anion vacancies.

VI. DISCUSSION AND CONCLUSIONS

The model proposed in Fig. 5(e) and Fig. 7(a) for the
TL*({111)) center, i.e., a T,* occupying a single cation
site, is the most simple and the most probable one. The
T1,*({111)) is a rather unusual center: It may be con-
sidered to be an interstitial TI° atom trapped by a substitu-
tional TI* impurity although it is believed by inference
from the discussion in Sec. V that no TI® interstitials are
directly produced by the x-ray irradiation. The oblong
Tl,* has more room in a (111) direction and this is pre-
cisely the direction of the F,~ H center in LiF."> The H
center is the interstitial halogen atom, X°, center and it

} 1001}
+ +  +un

— — +
/
T13<110)

[0(0]

—

FIG. 7. (a) Schematic model of the Tl,*({111)) center in an
alkali-halide lattice presented in a (110) plane; (b) schematic
model of the TI,*((110)) center presented in a (100) plane.



28 INTERSTITIAL TI° ATOMS IN ALKALI HALIDES: ESR ...

manifests itself as a X, ™ molecule ion occupying a single
anion site. This is in contrast to the Vx center'® where the
X, occupies two anion sites. The fact that in KCl and
KBr the H center is {(110) oriented'>'* is merely a conse-
quence of the forming of two additional weak bonds of the
Cl,~ and Br,~ with the two halogen ions flanking them.
Inasmuch that the T1,*({110)) center in Fig. 7(b) may be
considered to be the trapped electron analog (be it with
impurity ions) of the Vg center, the TI,*({111)) center in
Fig. 7(a) may be viewed as the corresponding H-center
analog.

This parallelism between Tl,*((110)) and TI,*({111))
on the one hand and the Vi center and the H center on
the other hand is also reflected in the behavior of the g
and hyperfine components. For instance, the g shift of the
Cl,” H center in KCl (Ref. 24) is considerably smaller
than the Cl,” Vg-center shift' (g, =2.0224 vs g,
=2.0435), in agreement with the observation that the H-
center optical absorption bands are at higher energies'*
(3.70 eV) than those of the Vx center® (3.40 eV). The g
shifts of T1,*({110)) and TI,*({111)) exhibit a similar
trend (see Sec. III C).

The Cl,~ H-center hyperfine components®* are distinct-
ly larger than the Cl,~ Vy-center components.' This
behavior seems opposite to the observed reduction in going
from T1,*({110)) to TL,*({111)), but in fact the basic
behavior is the same: The anisotropic part of the Cl,~ hy-
perfine interaction is virtually the same for the Vi
center’ [p(C1)=3.23 mT] as for the H center’
[p(C)=3.22 mT] but the corresponding isotropic parts in-
crease from' 4,(C1)=3.91 mT for Vg t0*® to 4.54 mT for
H. Similarly, the isotropic part increases from!'
Ao(Th)=—19 mT for Tl,*({110)) to 4,(T)=—10 mT
for Tl,*((111)) (see Sec. IIIC). For both the X, and
TI,* centers this change is caused by an increase in s mix-
ing in the s-p hybrids of the ground state o-type wave
function. Such an increase in s mixing and excited state
energies was attributed to a small reduction in the Cl,~
H-center internuclear distance compared to the Vi-center
one. Similarly one concludes that there is a small reduc-
tion in the T1,*({111)) internuclear distance compared to
T1,*({110)). Such a behavior adds support to the pro-
posed Tl,*({(111)) model in Fig. 7(a) where the Tl,* is
indeed more squeezed than in the T1,*({110)) model of
Fig. 7(b).

In contrast to the H center which starts to reorient!*?’
at very low temperatures (10.5 K) the Tl,"({111)) center
exhibits no detectable motional properties. No line
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broadening is observed as the temperature is raised and
Tl,* remains observable up to 140 K, whereas for the H
center in KCl the ESR lines start to broaden at 29 K re-
flecting®® the very rapid reorientation of the Cl,~ mole-
cule ion.

From the observations presented in Sec. IVD one can
construct the following thermal decay mechanism for
T, H({111)). The first step in the decay above 300 K is
the freeing of an electron leaving two T1* ions on a single
cation site. This center, which we shall call T1,>*, subse-
quently decays with a somewhat slower rate compared to
the electron release process. Probably a TI* breaks away
from the T1,>* center and moves interstitially before it is
trapped somewhere. However, some TI,>* evidently
remain because the TIl,*((111)) concentration can be
partly regenerated by a white light excitation of the sam-
ple at temperatures below 180 K, i.e., the temperature re-
gion where anion vacancies are immobile. The electrons
generated by the optical excitation are strongly attracted
by the remaining positively charged TI,>* reforming
Tl ({111)) centers. Such regeneration is impossible
after warm up to 350 K implying that such treatment de-
stroys all T1,%*.

This leads us finally to a point of possible practical im-
portance. It was suggested in Sec. VC that the
TI,*((111)) center could possess an optical absorption
band in the 1.3-um region although in a preliminary ex-
periment no absorption was detected there. Nevertheless
if one would be worried about the possible influence of the
TI1,*({111)) presence on the TI°(1) center laser’® perfor-
mance at 1.5 um one may get rid of the Tl,*({111)) [and
of the T1,*({110))] by a warm up to 350 K for a few
minutes. This procedure does not affect the remaining
T1%1) centers because they are stable up to® 410 K.
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