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An analysis of experimental results on luminescence polarization has been performed for dimer
centers of D,;, symmetry in KI:TI*. The results obtained by theoretical calculations of the polariza-
tion degrees associated with the excitation and emission transitions allow us to assign the molecular
orbitals of thallium dimer centers involved in the emission processes and to determine a possible se-
quence of the relaxed excited electronic states versus the energy.

I. INTRODUCTION

It is known' ~* that ns? impurities in alkali-halide crys-
tals give rise to single (monomers) 4 * and paired (dimers)
(A7), centers.

It is well established that dimers have absorption bands
called A, B’, and C' related to 4, B, and C monomer ab-
sorption bands, respectively,”> and that excitation into
these bands results in light emission.

The attribution of the allowed electronic transitions in-
volved in absorption, and more so in emission is still a de-
bated question.>>3~1° Moreover, the structural symmetry
of dimers is a controversial point that needs further study
also in the light of recent interesting results'! (see Ref. 9
and references therein).

In a recent paper'® we have found a good agreement be-
tween theoretical calculations and experimental results for
the absorption states of thallium dimers (T1%), in potassi-
um iodide. We have been able to identify the absorption
states and their electronic symmetry.

Following these results we try, in this paper, to obtain a
detailed description of the luminescence processes, analyz-
ing all experimental results on luminescence and on its po-
larization reported so far for KI:T1*. In this way we find
a possible assignment of the molecular orbitals of
thallium-ion dimer centers in KI involved in the absorp-
tion and emission processes. These results, as far as the
absorption processes are concerned, confirm our theoreti-
cal expectations.

II. EXPERIMENTAL RESULTS
AND THEORETICAL PROCEDURE

A. Experimental data

The experimental data available on the polarized
luminescence of thallium dimers in KI are reported in
Fig. 1 (Ref. 11) and Fig. 2 (Ref. 6) for T=80 K and in
Fig. 3 (Ref. 8) for T =10 K. Other results at 80 K, re-
ported in Refs. 4 and 12, are in agreement with Figs. 1
and 2.

The analysis of these data shows that by raising the
temperature from 10 to 80 K, the polarization degree de-
creases strongly while its polarity changes. Moreover, it
has been shown that for a fixed excitation wavelength
(A=295 nm) the polarization degree changes from nega-
tive to positive at about 7'=140 K (Ref. 11) for zero az-
imuthal angle. This complex behavior suggest that (1)
electronic states with different symmetry are involved in
the luminescence processes and (2) different nonradiative
processes can take place in these states when the tempera-
ture increases. The most meaningful results of the polari-
zation behavior are summarized in Table L.

B. Theoretical considerations

In order to understand the whole behavior of the
luminescence polarization of thallium dimers it is con-
venient to compare experimental and calculated polariza-
tion degree for the azimuthal angles 6=0° and 45°.
Theoretical calculations are performed on dimers of D,,
symmetry. This choice will be justified in the next sec-
tion.
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FIG. 1. Azimuthal dependence of polarization degree P mea-
sured at 80 K for 402-nm emission and A..=290 nm (A),
Aexe=293 nm (@), A, =295 nm (M) by Benci et al. (Ref. 11).
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FIG. 2. Azimuthal dependence of polarization degree mea-
sured at 80 K for 405-nm emission and A..=250 nm (@),
Aexe=291 nm (M) by Tsuboi and Jacobs (Ref. 6).

The dimer orientation axes are shown in Fig. 4. Ab-
sorption or emission transition moments parallel or per-
pendicular to the dimer axes are called = and II, respec-
tively. The two II transitions will be II, if parallel to the
twofold axis or II, when parallel to the fourfold axis of
the crystal.

In order to obtain the polarization degree P we first cal-
culate the polarization degree P; linked to the pure ab-
sorption transitions =, IT,, or II,. Then, when more than
one absorption transition is involved P is calculated" by
means of the following relationship:
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FIG. 3. Azimuthal dependence of polarization degree mea-
sured at 10 K for 412-nm emission and A,.=293 nm (@),
Aexe=289 nm (A), Aexc=249.5 nm (M) obtained by Ohata et al.
(Ref. 8).

where P;, I;, and «; are, respectively, polarization degrees,
emitted intensities, and absorption fractions associated
with the X,I1,,I1, excitation transitions.

The model we used in order to calculate P; and I; is
based on the following assumptions: (1) the light emission
comes from the excited relaxed triplet states *=}, °I13,,
[, following the level scheme discussed in Ref. 10; (2)
the ratios between the radiative electronic transition prob-
abilities are those calculated for the absorption bands, i.e.,
AZ:AHZ:AH4=4:1:1;IO (3) the equilibrium population ra-
tios of the relaxed triplet states, at a fixed temperature,
are the same for different excitation wavelengths, in
agreement with the experimental results reported in Refs.
5 and 8. They show a steady emission band at about 412
nm for different excitation wavelengths at low tempera-
ture.

If we define
N2 NH4
a= -, = s
Np, Np,

where Nz, Ny, and Ny, are the equilibrium populations

of the emitting states, we obtain the results reported in
Table II for the pure absorption transitions. In Table II
the reported intensities are normalized to the absorption
intensity for each transition.

If the light absorption takes place at wavelengths for
which an overlap between absorption bands with different
symmetry occurs, the final polarization degree can be cal-
culated by means of expression (1). When the absorption
takes place, for example, on bands having II, and I, sym-
metry, one obtains

P(6=0°)= (4a +1—-2b)(3a—2) ’
2(4a +1+42b)+a(4a +1—2b)

P(O—45")— 2a(1—4a) ,
2(4a +1+42b)+al4a +1—-2b)

(2)

where a and 1—a are, respectively, the absorption frac-
tions connected with the IT, and Il, transitions.

In a similar way any other combinations can be ob-
tained.

III. DISCUSSION AND CONCLUSIONS

We have supposed the presence in the crystal of only
one type of center, a dimer with D,, symmetry. Such a
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TABLE I. Experimental results of luminescence polarization degree for azimuthal angle values =0
and 45° at 10 and 80 K for different excitation (A..) and emission (A.y) wavelengths.

Temp. Wavelengths P(0°) P(45°)

10 K Aere=249.5 nm* —~0.70 0
Aewe=289 nm® Aqm=412 nm —0.57 0
Aexe=293 nm* +0.23 0

80 K Aewe=250 nm® Aen=405 nm +0.12 +0.02
Aee=290 nm°® Ap=402 nm +0.02 0
Aexe=291 nm® A, =405 nm + 0.06 0
Ae=293 nm® A.,=402 nm —0.035 +0.025
Aexe=295 nm® A, =402 nm —0.04 0

2Reference 8.
bReference 6.
‘Reference 11.

hypothesis seems to be acceptable because many experi-
mental results™!"!* have shown that the excitations used
and the emission wavelengths observed are connected with
the same center. Furthermore, the separation energy of
the absorption bands and their oscillator strengths agree
quite well with the calculated values in the Dy,
model.">! The qualitative suggestion one can obtain
from the measurements of emission polarization®®!! and
of magnetic circular dichroism®'* at the reported wave-
lengths support the presence of (T1%), centers with Dy,
symmetry. However, at first we did not exclude the pres-
ence of dimers of D4, symmetry, but the calculations per-
formed with this model do not explain the experimental
data, in particular those obtained by us'' with excitation
at Aec=293 nm and by Tsuboi and Jacobs® at A, =250
nm for 6=45° at 80 K. As a consequence, following the
hypothesis of dimer centers with Dj, symmetry and the
theoretical calculations discussed in Sec. II, we can deter-
mine the equilibrium population ratios for the different
excitation wavelengths at 10 and 80 K using the polariza-
tion experimental results reported in Table I. When more
than one absorption band is involved, we are able to deter-
mine their absorption fractions by means of expressions

(2) or similar. The results we found are summarized in
Table II1.

Our analysis starts from the results obtained with
Aexc=250 nm (C; absorption band) and with A, =289
nm at 10 K and A_.=290 nm at 80 K. The dimer states
we are exciting are '2} and =}, respectively. The !=}
symmetry of the C, band of dimers is well known and
generally accepted. This band does not have any overlap
with other bands, so the parameters obtained in this case
by means of the relationship of Table II are a reference
point in our analysis.

The different values of the parameters obtained for ex-
citation at 250 nm and at about 290 nm, carry the existing
difference between the experimental polarization degrees,
possibly due to the monomer emission contribution owing
to the closeness of the A4 absorption band of the monomer
with the dimer absorption bands, more important at 290
nm than at 250 nm.

These results show that by increasing the temperature
the population of 32} and 3IT3, excited relaxed states in-
creases with respect to that of I1J, state.

Using expressions (2) for a A.,.=290 nm we have con-
sidered the possibility of a simultaneous transition to 2,

TABLE II. Polarization degrees at 6=0° and 45° and emission intensities calculated for the reported

absorption transitions.

Azimuthal Absorption transitions
angle IS+ or 3z} ng, ng,
0—0° py— datl=b L dat1-2b Py = 2b—4a—1
12a +3+2b 2" 12a+3+2b 4~ 3a41+42b
o= l2a+3+2b _12a43+42b 7 _da+1+2b
2a+b+1) L™ 2Aa+b+1) L= e 4b+1
. 2da —1) 2(1—4a)
6=45 py=—=22—0) Py =2 =
2T 2a+342b N 12a +3420 Pn,=0
=120 +3+2b _12a+3+2b _4a+1+42b
2a+b+1) LT 2@ +b+1) LW g tb+1
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TABLE III. Calculated parameters by fitting the experimental polarization degrees for azimuthal angles 6=0° and 45° obtained at
different excitation wavelengths and temperatures for D, (T1*), dimers in KI.

T (K) Aexe (nm) ¢1=N;/Nn2 b=N;14/N[12 N3 (%) an (%) Nn4 (%) Absorption (symmetry)
10 250 0.25 10.3 2 9 89 1 (=h
289 0.25 6.3 4 13 83 1642
293 0.25 4.13 4 19 77 0.5 (3, =°13,)
80 250 0.27 0.59 14 54 32 1 ('=h
290 0.25 0.77 12 49 38 1¢32h
293 0.25 0.73 13 51 36 0.5 CIf, =°14,)
295 0.25 0.77 10 51 39 0.5 (I, =~M%,)

113,, and °II{, states with the following absorption con-
ditions & ys:

dam(ﬂz)=dam(ﬂ4)=a and .sz/abs(Z)=l——2a . 3)

The experimental results of polarization degree, on the as-
sumption that the equilibrium population ratios do not
depend on the excitation wavelength, give a value of a=0,
confirming that the 290-nm band can be assigned to a izt
absorption transition only. Moreover, the possibility of
3,11, or X,I1, absorption combinations can be excluded
for a 290-nm band. In fact the a and b parameters values
calculated at 10 and 80 K for these combinations are in
agreement with the population ratios obtained for
Aexc=250 nm only when the 3 absorption fraction is
equal to 1.

For A..=293 nm, the experimental results are con-
sistent with the assumption that the absorption transitions
are I, and II,. The behaviors of a and b parameters
versus a (fraction of IT, absorption) obtained with expres-
sions (2), both at 10 and 80 K, give a values ranging be-
tween 0.1 and 0.5. This means that the Il, absorption is
prevalent over the II, absorption. However, a value of
a=0.45 is necessary in order to obtain the same equilibri-
um population ratios as calculated for the emission at
Aexc=290 nm and at fixed temperature. This value of a
means that IT, and I1, states are nearly degenerate.

The assumption that the absorption at A=293 nm can
be 2, I1,, and I, with the absorption conditions (3) can be
excluded since the suitable value of a~0.5 corresponds to
zero = absorption. Moreover, the hypothesis of Z,II, ab-
sorption cannot explain the experimental results at 10 K,
meanwhile a 2,11, absorption cannot be theoretically ex-
cluded owing to the same behavior foreseen for the azimu-
thal dependence of degree of polarization of I1,—II, and
33 transitions, and also of £«II4 and II,«>Il, transi-
tions.® However, the I1,,IT, combination seems more suit-
able than the last since it is rather difficult to believe that
at Aexc =293 nm the I, level is not involved in the absorp-
tion. In fact the IT, and I1, states are nearly degenerate in
absorption!® and the 290 nm transition is well explained
by a pure X transition. Therefore, if we exclude a = ab-
sorption at A..=293 nm, we are justified to consider a
I1,,I1, combination for the absorption at A.,.=295 nm.
On this assumption the experimental results give at 80 K,

a =0.25 and b =0.77 for a <0.45. This means that the
I14 absorption is prevailing.

In a previous calculation'® of the (T17), dimers absorp-
tion in KI, we were not able to establish the sequence in
energy of the 31, and I, levels, since the two levels are
nearly degenerate. The present analysis of the polariza-
tion results shown in Table I allow us to resolve this
point. We can say that the state ’II, is lower in energy
than the *IT,. In fact, as previously observed, the calculat-
ed equilibrium population ratios after a 3 absorption
(Aexe=250 nm and A.,.=290 nm), show that the emission
from the 2 and II, states increases by increasing the tem-
perature. The same behavior has been found also for the
other excitation wavelengths (see Table III). A reasonable
explanation of this behavior can be that the relative popu-
lation of the higher states increases owing to the phonon
interaction with the electronic relaxed states, so the emit-
ting levels can be I, *I13,, and >} in order of increas-
ing energy. This behavior can be due, on the other hand,
to different increase of radiationless transitions from the
emitting levels. Measurements of luminescence lifetime
can clarify this point. However, it is possible to support
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FIG. 5. Energy-level diagram showing the transitions in-
volved in both absorption and emission of D, thallium dimers
in potassium iodide.
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the proposed energy order of the D,, dimer triplet states
by a second point. This is the behavior of the lumines-
cence polarization degree at §=0° for temperature higher
than 80 K.!' In fact, for A,.=295 nm (and also for
Aexc>295 nm at temperature higher than about 200 K)
the polarization P (6=0°) assumes positive values at
T >140 K. Following the proposed levels sequence, this
behavior can be explained by the fact that at high tem-
perature the population of X and II, states can increase so
that an increasing contribution of Il,—II, and II,—Z2
transitions® occurs. This interpretation, which does not
involve a = absorption for A, > 300 nm,!! can be accept-
able. Moreover, let us emphasize that this experimental
result cannot be explained in the Dy, dimer configuration,
unless we take into consideration a £ absorption also for
low excitation energy. The energy-level diagram summar-
izing both the absorption and emission processes for D,,
thallium dimers in KI, as discussed before, is shown in
Fig. 5.

In conclusion, the experimental results of the lumines-
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cence polarization of thallium dimer centers in KI can be
explained by means of one type of dimer center with D,
symmetry. This is supported by a model that details both
the absorption and emission processes and is able to fit the
experimental data by means of parameters having a clear
physical meaning. In particular, the increasing energy se-
quence of the relaxed excited electronic triplet levels is
found to be 3, °I,, and 3%, while the I}, and I,
levels (A4, absorption band) overlap also at low tempera-
ture (10 K). Moreover, the A4, absorption band is well
characterized by means of a pure 3X} transition.

Detailed measurements of polarization degree and life-
time of luminescence versus the temperature for many ex-
citation wavelengths can allow us to evaluate the sound-
ness of the proposed model.
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