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Extent to which the Jahn-Teller model can account for Tl+ luminescence

D. Mugnai* and A. Ranfagni
Istituto di Ricerca sulle Onde Elettromagnetiche del Consiglio Nazionale delle Ricerche, Firenze, Italy

G. Viliani
Dipartirnento di Fisica dell'Universita di Trento, I'ovo, Trento, Italy

and Gruppo Nazionale di Struttura della Materia, Trento, Italy

(Received 11 June 1980; revised manuscript received 13 April 1981)

Several mechanisms have been considered for obtaining coexistence of different kinds

of Jahn-Teller minima on the excited-state potential surfaces of the impurity, but no one

was able to give a satisfactory interpretation of Tl+ luminescence. These models are here

critically reexamined, and an attempt is made for recognizing a scheme suitable to explain

most of the experimental features.

The relevance of the Jahn-Teller effect (JTE) in
the excited states of impurity centers with s
ground-state electronic configuration, such as Tl+
in alkali halides, has been demonstrated for the in-

terpretation of the optical properties of these phos-
phors, both in absorption and emission. '

As regards emission, the problem of the double
A-band emission characteristic of Tl -like phos-

phors has been extensively studied and many ef-
forts have been made in order to get a plausible in-
terpretation of the complex phenomenology relative
to this emission.

The most widely accepted model is based on the
coexistence of two kinds of Jahn-Teller minima on
the T&„relaxed excited state, in the space of the
normal coordinates of the (T1X6) cluster (where
X =Cl, Br, etc). These minima, accessible after
optical absorption in the A band, lead to the so-
called Ax and Az. emission bands.

The possibility of coexistence of different kinds
of minima, at different energies, has been demon-
strated theoretically in a number of ways:

(i) In the framework of linear JTE, within the eg
subspace of tetragonal distortions, coexistence is
made allowed by strong spin-orbit mixing between
the T&„and 'T» states. '

(ii) By extending the analysis to the five-
dimensional space of both eg and r2g (trigonal)
modes, coexistence may be caused by quadratic
JTE or by anharmonic terms in the potential ener-

gy- '

(iii) By considering the role of the totally sym-
metrical coordinate Q~, it is found that if Q~
varies strongly from one kind of distortion to the
other, both can be minima. '

The latter mechanism has been proposed in or-
der to explain the coexistence of tetragonal and
trigonal minima in KI:Ga+, and hydrostatic pres-
sure experiments on In+ and Tl+ phosphors' '";
these latter, however, can also be interpreted by
scheme (i).' Moreover, scheme (iii) appears not to
be suitable to explain Tl+ luminescence, because
when plausible values for the involved coupling
constants are used coexistence is not found. It
can be said that the attempt of including a11 of the
second-order terms [i.e., a combination of schemes
(ii) and (iii)] was only partially successful in yield-

ing coexistence; however, it showed that if the
linear coupling constants to tetragonal (b) and trig-
onal (c) modes are nearly equal (which is the case
for Tl+ phosphors) a small variation of the param-
eters values makes it possible to obtain minima of
different symmetry.

On the other hand, scheme (i), which of course
is in a sense limited because it does not involve tri-
gonal modes (these modes are relevant to Tl+
luminescence' ' ), has been successfully employed
to explain some properties of Tl+ phosphors, such
as: temperature behavior of Az and Az intensi-
ties, ' hydrostatic pressure experiments, ' negative
magnetic circular polarization (MCP) of Ar emis-
sion, ' triple decay time of A~, ' and absence of
the slow component of Az at low temperature
(T &120 K).'s

More recently, the relevance of these level
schemes for systems other than Tl+ phosphors be-
come evident. In particular, scheme (i) was used to
interpret the low-temperature luminsecence spectra
of complex ions like Cs2SeC16. ' In Ref. (19), how-
ever, the role of the parameter g (which is the ratio
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of the exchange energy 6 to the spin-orbit coupling
constant g) in determining level positions and mini-

ma depths, has been misunderstood.
Therefore, also in consideration of this fact, and

that the energy-level scheme {i) is the most com-
plete and comprehensive, under some assumptions,
of schemes (ii) and (iii), it seems worthwhile to us
to reconsider it in order to better clarify its attain-
ment, limits of its validity, and to indicate possible
improvements of the model for a more extensive
understanding of Tl+ phosphors and, possibly, oth-
er luminescent systems.

For our purposes it is suffficient to consider the
cross sections of the ST&„potential surfaces along
the tetragonal coordinate Q& since the analysis for
the existence of true minima in a multidimensional
space has been already done for the several cases in
other papers. "

Referring the energy zero' to Wo [Wo being the
energy difference between the excited state aisti„
and the ground state a is electronic configuration,
so that, neglecting the spin-orbit and Jahn-Teller
interactions, we have Eo( Ti„)= Wo —6,
Eo{'Ti„)=%0+6], the energy levels E(Q&) are
obtained by solving a third-degree secular equation;
this, for the z components, can be factorized into a
linear and a quadratic equation. By putting

y =E/g and x3 =x =(—b/2v 3$)Q& and have for
the T~„, cross section

y= —x ——,—[(3x——,—g) + —,]' '+»

where g =6/g, & =12(1—P)p'b', P= &„is a-
quadratic term which accounts for the difference
in curvature between the ground and the excited-
state potential surfaces.

For the underlying A~„state, we have

y =—x ——,—g —[(3x——,)'+ —,]'~'+» (2)

The x and y components of the Ti„state are de-

generate along the Q& tetragonal axis; their cross
sections are given by y =y +Ax where y is the
lowest solution of the third-degree equation

y +gy —y(12x +4gx+g + —, )—g —4xg

+g(4x ——,)+16xs+—,=0 . (3)

Figurc 1 shows some cross sections of T&„and
A» potential surfaces obtained with Eqs. (1)—(3)

for different values of the parameter g and for
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FIG. 1. Cross sections along the Qi axis of the
'T»„and A»„states computed for A =3 and g =0,0.3,
0.6,0.9; the energy zero is referred to 8'0 as in Ref. 19.
For g =0 the cross section of the A»„ is coincident ~ith
'T»„, and T»„„(~]. For g p 0 the upper solid lines cor-
respond to the 3T»„„the lower sohd lines to the 3A»„,

and the dashed lines to the double-degenerate T»„„{„].

A =3 which is quite a plausible value for this
parameter. '

The same results can, of course, be obtained by
assuming for the energy zero a different value. By
referring it to Wp —6 we get more simplified ex-
pressions for the energy levels and a more compact
graphical presentation. ' ' For the T~„, we
have, directly from Eq. (1),

—[{3x——,
' —g)'+ —,

' ]'"+»' .

This relation, for g =0, corresponds to the A i„
level which, in this case, is independent of g

Tile closs sectlolis of Ti„„aild Tis y conl-

ponents are given by y+g =y+Ax where y is
given now by the lowest solution of the equation '

y —2gy —y(12x +4gx+ —, )

+g(16x'+ —,)+16x'+ —,
' =0 . (5)

Figure 2 shows the cross sections of the T» and
Ai„potential surfaces obtained with Eqs. (4) and

(5) and for the same parameter values as in Fig. 1.
By comparison of the two figures the advantage of
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FIG. 2. Same as Fig. 1 but with the energy zero re-
ferred to 8'0 —G which allows for a more compact
presentation. For g =0 we have the cross section of the
A ~„whose position is, in this case, independent on g.

The two arrows indicate the excitation point for x3 —0
and the same point shifted (x3 & 0).

referring the energy zero to Wo —G becomes evi-

dent, since in this case the 2 ~„ level (g =0) has a
fixed position. In the following we shall refer to
Fig. 2 for discussing the interpretation possibilities
of the model.

The two kinds of coexisting minima on the T&„
state are, in this case [scheme (i)], three tetragonal
minima T„, T~, and T„and three couples of
rhombic, nearly tetragonal X minima, each with

underlying trap minimum on the Ai„state. For
sufficiently high values of g, the upper tetragonal
minima tend to disappear. This limiting value of
g(-0.6 for A =3) depends on the parameter A and

increases with decreasing A. ' The upper-lying
tetragonal minima are directly caused by the mix-

ing with the singlet T&„. %hen this effect is
neglected (g~ ao ) we have only one kind of mini-
ma (X in Fig. 2).

In this approximation (g~ ao ) schemes (ii) and
(iii) have also been obtained ' ': They lead to
cross sections similar to those in Fig. 2 for the
tetragonal Q3, as well as for the trigonal Qg coor-
dinate where the trigonal minima are situated, pro-
vided that some substitutions are made [in case (iii)

b~b=b+b«Q~, c~c=c+c~ Q~]. ' ' So, in a
sense, scheme (i} is the most complete and it is
comprehensive of the other two.

However, for a complete description of the ex-

perimental facts, we also have to take into account
trigonal modes. An attempt to do this has been

made, in order to interpret negative MCP, by ex-

tending the analysis to the bidimensional Q2Q6
space, and making the plausible assumption of
nearly-equal coupling to tetragonal and trigonal
modes (b -c).' ' In this hypothesis, relaxation
from rhombic X points (which are not necessarily
minima) to orthorhombic or trigonal points (which
could be minima} can easily take place, as re-

quired by the symmetry properties of the Ax emis-

sion "'4
Therefore, from the above analysis it seems to us

that scheme (i), when suitably modified to include

trigonal modes, could be the most appropriate for
interpreting the luminescence properties of Tl+
phosphors. There are, however, some points that
should be better clarified before such a conclusion
can be drawn:

(a) It is not clear why the system, after absorp-
tion at low temperature, relaxes preferentially into
the tetragonal T minima, the lower-lying X minima

being populated only by nonradiative transitions';
(b) Using values of G as deduced from absorp-

tion data, the energy separation 5 between tetrago-
nal minima T and rhombic points X (5 2G-2000
cm ') appears to be too large for interpreting the
temperature dependence of the emission intensities
for T & 100 K (Refs. 21 and 23) and the degree of
MCP of the Ar emission in the case of KI:Tl+
(5-1000 cm '), KC1:Tl+ (5-300 cm ') and,
especially, in KBr:Tl+ (5-100 cm ').'s' ~ In ad-

dition, we have to consider that the electric field-

induced structure in the emission of KCl:Tl+
could be easily explained by the existence of dif-

ferent potential minima whose energy separation is
about 800 cm-'."

Both difficulties can be overcome by the follow-

ing considerations. The A absorption transition,
which is spin-orbit allowed, tends to shift its point
of arrival on the excited state from x3 ——0 (which

corresponds to the minimum of the ground state)
towards a point where x3 p 0; this is so because the
percentage of singlet in the wave function (and
consequently the electronic contribution to the os-
cillator strength) increases with x3. The displace-
ment will also depend on the overlap of the vibra-
tional wave functions of the ground and excited
states and it is not easily evaluated. If this shift
corresponds to a point of arrival placed near or
beyond the maximum on the potential surface (see
arrows in Fig. 2, item a) is explained. The plausi-



BRIEF REPORTS

bility of this hypothesis can be tested assuming
that the shift of the point of arrival is comparable
with the amplitude of the low-temperature
vibrational-motion in the ground state. This quan-

tity is estimated as (%co/2A()'~ and with the
parameter values here adopted (see also Ref. 15)
turns out to be -0.1 which is of the right order of
magnitude. Another consequence of this fact is
that the value of 6 as deduced by peak absorp-
tion-band values is surely overestimated, because

the energy of the shifted point of arrival corre-
sponds, for x3=0, to a potential curve with a
higher value of g. This effect can, at least partial-
ly, explain item (b).

After these considerations we think we have in-
dicated a way for getting over these difficulties and
to reach a better understanding of this problem.
However, due to its intrinsic complexity, we feel
that this topic is not at all exhausted.
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