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Statistical dynamical validity of a Jahn-Teller model for TI* luminescence
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The old problem of the interpretation of the emission properties 6fcEnters in alkali halides is recon-
sidered in the light of recent experimental evidence relative to anomalous decay in the slow-emission compo-
nent. A plausible interpretation, based on the Jahn-Teller model in its simpler version, is proposed, considering
the statistical dependence on the ensemble of the luminescence centers and the concurrent effect of the
dynamical relaxation of the lattice.
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The emission properties of Tilike impurity centers in  The Jahn-Teller effect we are considering is limited todhe
alkali-halide crystals is an old and fascinating problem, tosubspace of tetragonal distortions and to the linear terms of
the solution of which many efforts have been devoted sincghe electron-lattice interaction. In Ref. 7 the potential sur-
the 1960s and even much befdr&.definite improvement in  faces are obtained by diagonalizing the electron-lattice inter-
our understanding of this subject was made thanks to action matrix, taking into account the spin-orbit interaction
model based on the Jahn-Teller effect as developed bgnd the lattice potential energy.

Fukuda in 197@.This model is based on the assumption of As anticipated before, the Jahn-Teller model is based on
the coexistence of two kinds of minima on thd,;, and  the coexistence of two kinds of minima on tR€&,,, relaxed
3A,, excited-state adiabatic potential surfad@dectronic  excited state, in the space of normal coordinates of the
configurationa, 4t;,,) in the space of the normal coordinates (TIXe)®™ cluster. These minima, accessible after optical ab-
of the quasimolecules which constitute the luminescencsorption in theA band, lead to theA; and Ay emission
centers. The two emission bands(andAy) are considered bands. In the framework of the linear Jahn-Teller effect,
to be due to transitions from these minima to the ground statwithin the e, subspace of tetragonal distortion®4,Qs),
lAlg (electronic configuratioraig). the coexistence is allowed by the strong spin-orbit mixing

The Fukuda model was subsequently modified, as debetween the triplet®T,, and the singlet'T,, states, from
scribed in a number of papetsn particular, it was demon- which originates the3T}, and T3, state€ The minima
strated that the coexistence is due to the quadratic Jahifrom which the A; emission originates are the tetragonal
Teller effect and/or anharmonic terms, or to strong spin-orbitTy, , minima which are mainly constituted by the singlet
mixing between®T,, and T, states. The level scheme re- state 1T,, (see Fig. 1 The emissionAy originates from
sulting from spin-orbit mixing appears to be particularly suit- minima of different symmetry: three couples of nearly tetrag-
able to explain Ti emission, while the higher-order onal quasidegeneraté minima® which can become sym-
electron-lattice interactions seem the most likely agent tametrically different if the relative coordinates; subspace
produce coexistence in lighter impurities. are included; this aspect is not considered in the present

The subject continued to represent an interesting field ofreatment Therefore, as anticipated before, we limit our
research as demonstrated by works appearing in thgnalysis to the subspace of tetragonal coordinates.
literature* More recently, an interpretation of the anomalous  For our purposes, it is sufficient to vary only the tetrago-
decay in the slow-emission component observed in severalal coordinateQ, taking Q,=0. By referring the zero en-
cases has been proposed on the basis of an original and suggy to W,— G (W, is the energy difference between the
gestive mechanismThis is based on the assumption that theexcited statea, 4t;, and the ground Sta@fg electronic con-
lattice relaxes at the same time scdles) as the slow- figyration, andG is the exchange integjathe energy levels
component decay tine. ) . E(Qjz) were obtained by solving a third-degree secular equa-

The purpose of the present work is twofold. First, in light tjon "By putting y=E/¢& (¢ being the spin-orbit coupling

of more recent results, we wish to test the Jahn-Teller mOder.lonstanl and xzxaz(—blz\/§§)Q3 the cross section of
in a more quantitative fashion than was made a few decad fie 3T* _ adiabatic potential—energ;/ surface is giver by

ago. Second, we propose a possible interpretation of the tuz
anomalous slow component, not in C(_)ntradi_ction to the one y=—x—+g—[(3x—L—g)2+ 112+ Ax?, (1)
of Ref. 5, but as a plausible alternative, still based on the
Jahn-Teller effect and its statistical dependence on the emwhereg=G/¢ is the ratio of the exchange integral £ A
semble of luminescence centers, concurrent with the dynami= 12(1— B) £€/b?, B is a quadratic term—the only one con-
cal relaxation of the lattice. sidered in this model—which accounts for the difference in
We focus attention on Tl centers, namely, X:TI" (X  curvature between the ground- and the excited-state potential
=1, Br, Cl), which are the cases most widely studied. Insurfaces, and is the electron-lattice coupling constant for
addition, due to its strong spin-orbit interaction,' Téan be  the tetragonal modes. In this way, the model is found to be
treated on the basis of a simplified Jahn-Teller model, as wadependent only on the two dimensionless paramefees)d
early proposed, by modifying that of Fukuda, since 1972.g. In spite of the approximation involved, this greatly facili-
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FIG. 2. Cross section along th@; coordinate Q,=0) of the
3Tfu,z potential surface, as given by E(L). In (a) we report the
computations obtained fay=0.4 and for some values of the pa-
rameterA which range from 2 to 3.6. The positions of tA&
minimum are marked: they strongly increase by lowerkgTrhe
point Sis the saddle point between two rhombic miniialn (b)
we report the results obtained fAr=3 and by varyingg from zero
(which represents the cross section of ftfg, trap leve) to 0.6,
which is the limiting value for the existence of tA&€ minimum,
whose position is almost independent frgm

ties the test in a comparison with the experimental results.
More sophisticated schemes, such as those modeled on the
basis of second-order Jahn-Teller terftnamely, all those of
the typeaSSQE), or similar (such asc.,Q.Q,), necessitate
the inclusion of a great number of parameters, which makes
FIG. 1. Excited states relative to the electronic configurationgerigus quantitative testing extremely diffictiln Fig. 2, we
aygty, involved in theA-absorption band and; z.andAX emissions. report some cross sectionsyotomputed by Eq(1) for some
'3“ (&) we have, along th@; axis, the cross sections of th&;, and typical values of the parameters. In the Figa)2 we took
Ty §tates(th|3n I*lnes) fr?m*whlch originate, by means of spin-orbit g=0.4 and we variedA in the 2—3.6 range, while in the
coupling, the*Ty, and "Ty, states, whose componentis repre- oo part[Fig. 2(b)] we tookA=3 and we variedj in the
sented by heavy lines. The dashed line represents the cross sect|c61§0 6 range. Fog=0, Eq.(1) gives the cross section of the
of x andy components. The underlyintA,, state is the trap level. T ge. Fog " g- g@\ .
Arrows indicate the absorption and emission transitiongbjrwe pOt%ntlal surfz.i(.:e relative to theA,, _trap level underlylng
represent the map of thaT%, , potential surface, in th®,, Qs the °T7, transnlc_)n—allowgd _Ievel. This r_epresentann allows
subspace of the tetragonal coordinates, showing the coexistence 8¢ {0 make a first, preliminary, selection of the parameter
two equiva|entx near|y tetragona| minimas is a saddle point values relative to the different cases OprhOSphorS, as can
between themwith a higher-lyingT* minimum. The heavy lines be seen from the data reported in Table I.
represent the least action paths for the nonradiative transitions from A more refined selection will be made later after some
T; to X minima. The map of the'Ty, ) Potential surfaces are important corrections have been made by considering the

1u,x(y .. . . .
equivalent but rotated by 27/3, in theQ,, Q; space, after Ref. 7. dependence of the mixing with th¥T,, state, which is the

184107-2



STATISTICAL DYNAMICAL VALIDITY OF A JAHN -. .. PHYSICAL REVIEW B 66, 184107 (2002

TABLE I. Estimate of theA andg parameter values from the available experimental da@, &f b2, and
trap depth for Tt impurities in KI, KBr, and KClI crystal§Ref. 16, under the assumption th&t=0.66. The
last column reports the values Afas determined by WKB analysif®ef. 11) of the nonradiative transition
rate assuming=0.4 andr=25 ns.

Phosphors Emission  Trap depth G I3 b2 g A Awsk
(eV) (meV) ev) (V) (eVv) (B=0.66) (©@=0.4)
KLTI* A;:3.70 46—55 0.16 051 064 0.31 3.2 3
[AX :2.89 [
KBr:TI* Ar:4.02 60 0.23 0.60 0.79 0.38 3.04 2.8
[AX :3.50 [40
KCI:TI* A4.17 3256 028 069 092 056 3 ~2.9
[AX :2.61 [

only one allowed for the absorption transition from ﬂ'nelg radiative lifetime of theA; emission. A more accurate analy-
ground state. A consideration of this fact has lead to thesis has been performed by evaluating the nonradiative tran-
deduction that the point of arrival of the transition at thesition probability including tunneling and thermally over-
excited state,®T},, is shifted fromx=0 toward a point coming the barrier. The quantity which determines the
wherex>0. The amount of this shift has been estimated totransition probability is the transmission coefficient which, in
be of the order of kw/A&)*?, wherehw is the vibrational turn, is dependent on the action integral across the batrier.
quantum in the well of thd* minimum® Thus, according The quantity reported in Fig. 3, multiplied byéa"%%w,

to the parameter values of Table I, we have a shift of abou@ives the actiorS/% as a function of the energyE/¢, cal-
Ax=0.1-0.2. In inspecting Fig. 2, we note that this shift isculated for some values of the paramefein a range of
comparable withor is behind the position of the maximum Values of interest for us. In the same figure, the dotted lines
of the barrier between tHE* minimum and the saddle point "epresent the loci of the decay time, for nonradiative transi-
S (situated between th¥ minima which are dislocated at tions from theT; well, obtained asrq=(Dv) ', whereD
positions withQ,#0 not visible in Fig. 2, which was ob- =[1+exp(Z4)] " is the transmission coefficient. We note
tained forQ,=0%"). This fact explains why the system, after that 74 is extremely sensitive to the parameter values, and
absorption at a low temperature, relaxes preferentially into 20 -
the tetragonal minimurii} , while the lower-lyingX minima Vix
are less populated, with a consequent weaker intensity of the
Ay emission with respect to th&; one. By increasing the
temperature, the population of tileminima is augmented at
the expenses of the population of tA€ minimum, by
means of nonradiative transitions from the well of thg
minimum, the probability of which increases with the tem-
perature. In this way, it was possible to account for the in- 10 D
tensity balance of the two emissions. By using a WKB treat-
ment of the problent! it was possible to obtain an accurate
description of the intensity balance for KI:Tand KBr:TI", N
and to better discriminate values for the parameéten a 5\
narrow interval of values: 3 and 2.8, for Kl and KBr, respec-

tively. For KClI, the situation is less clear since it is not defi-

nitely accepted that there is &y emission or, rather, th&

one(at 305 nm, which has to be considered to be doubtéd. 0
However, from the temperature dependence of the intensity

and decay time of an emission at 475 nm, we can argue that

this emission presents many characteristics of Ap

emission:3 On this assumption, we can argue that parameter -5 - . - .
A, which fits the temperature dependence of the emission 5
intensity, should again be comparable with the previously 102AE/
obtained values, perhaps intermediate, sag,9. The tem- FIG. 3. Action integral, in units 0fAY%/% w, along the classical
perature® at which theAr andAy emission intensities be- path as a function of the energy, wiky/&=1.25<10 2, g=0.4,

come comparable can be estimated by the relaéi@Xp  andA=2.7-3.2. The dotted lines are the loci of decay-time values.
(—E7/k@)~7"1, wherev is the vibrational frequency within  The shaded area, comprised between 10 ns and 10 ms, is of interest
the T; well, Ey is the height of the barrier, and is the  for an interpretation of the anomalous decay of the luminescence.

(V-E/¢)1/2dx
o

b
a

102]
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0.25 + As for the gradual change in the decay time, which would
5/ require using the sum of several exponential functions with
different lifetimes that range over several orders of
magnitude’ two explanations are conceivable within the
framework of the present model: one is based on a dynami-
cal effect, the other, on a statistical effect.

(i) In adopting the same mechanism proposed in Ref. 5,
we find that a slow response of the lattice to the Jahn-Teller
local distortion of the (TXg)°~ centers makes it possible to
obtain a different equilibrium coordinate, the one of g
minimum in Fig. 2, increasing in temporal succession. This,
in turn, can be seen as a gradual change in parametas.,

a lowering, with a consequent variation in the decay time
according to Fig. 3.

(i) Alternatively, we can hypothesize that, in the en-
0 . . . . . semble of (TKg)®™ centers, we have a distribution of pos-

0 02 04 06 L sibilities for the equilibrium coordinate in the excited state,
after absorption and relaxation to the equilibrium configura-

FIG. 4. Trap depthd/¢ as given by the energy difference be- tion, with both of these latter processes being considered
tween the cross section of tH@& fu,x(y) potential surface, the lowest practically instantaneou®s).
solution of Eq.(2), and the cross section of thé;, potential These two mechanisms are to be considered not in con-
surface, Eq(1) for g=0, as a function of the coordinateand for (5 jiction: rather, a combination of both is more probable.
g= 0.33, (1.4, and O.5._In the inset, a_sketch of the potential surfac%)ne advantage, in the case of itdif with respect to the
of the °T,,, state, W't.h. the underlyln_g trap levélAy, , appears model of Ref. 5, is that it is not necessary for the lattice
along one of the transition paths of Fig. 2. relaxation to occur within the same range of time of the

emission(ms); a much shorter one is sufficiefsay, us),
can vary from picoseconds to tens of seconds. The range gince even a small further variation in the equilibrium pro-
values of interest for us is the one comprised between 10 mduces a strong increase in the tirfeelay-time amplifica-
and 10 ns, since this one is just the range of variation ofion).
decay times observed in the emission bahhisother words, We are now in a position to improve our determination of
we assume that, due to the crossing of the barrier, the deldfpe parameter values which characterize the different cases.
time is at the origin of the anomalous behavior of the emis-To this end it is useful to evaluate the energy differe(tcap
sion bands, or at least strongly contributes to it. The anomalfiepth 6) between theX minima and the underlying trap
consists of a gradual change in the decay time, from the fadgvel. The cross sections of th,, , and °T7, , states are
component £ 10 ns) to the slow one~10 ms), by assum- given byy=y+Ax?, wherey is given by the lowest solution
ing all the intermediate values over a span of time of severadf the equation, obtained in the same framework which sup-
ms? It may be argued that this mechanism can explain onhyplies Eq.(1),’
the anomaly of the slow-component of thg emission, the

0.2

0.1+

0.05

minima (X) of which are the ones mainly populated by non- — ., — ’ 3 ,, 1 3, 1
- - + + -+ +=|+ + =

radiative transitions from th&* wells. However, a consid- y - 29y —y| 12+ 4gx 4 g| 16x 2 16x 4

eration of the(importanj role of the trap levefA,, (respon- _o @

sible for the slow componentinderlying the allowed level
*T3,. as well as of back tunneling from to T* wells,'*  The cross section of thdA,, trap level is given, we recall,
makes the role of the above-analyzed nonradiative transitiongy Eq. (1) for g=0. In Fig. 4 we report the quantity/¢
relevant even for the slow component of thge emission  calculated by Eqgs(l) and(2) as a function of coordinate

(still in the scale of ms This slow component, which was for some values o). The resulting curves, which are inde-
discovered only recentlfwhile before it was considered pendent from parametéy, clearly show a marked reduction
nonexisten?), is indeed considerably weaker than the one ofin the trap depth with an increase in the configuration coor-
the Ay emission’ This supports our hypothesis of a second-dinate. From a knowledge of the trap depth in the minimum,
order mechanisnithe first is the nonradiative transitions We can determine the corresponding coordinate value. This,
from T* to X minima analyzed above; the second is the ongor both minimaT; and X, is given by the approximate
relative to relaxation into the trap leyelThe resulting level relationxy=2/A, while it is practically independent @f (see
schemegessentially a three-level opis depicted in the inset Fig. 2 for a better determinationin this way, we can arrive

of Fig. 4. This scheme is very similar to the one derived inat a determination oA or, inversely, from a knowledge &,

Ref. 4, even if there a four-level model was consideredat the trap depth. The same criterion can also be applied for
However, the difference in height of different minima on the the energy separation of ti& minimum with respect to the
A4, trap level (~10 meV) has to be considered unimpor- trap level, AE+ & in the inset of Fig. 4. Also in this case, the
tant with respect to the other quantities. energy separation in the minimum is strongly dependent on
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TABLE II. Alternative estimation of thé\ andg parameter values and trap depth taking into account the
shift of the point of arrival, ax>0, of the A-absorption transition, the inversion temperat@rge of the
emissionA; and Ay (Refs. 11 and 18 and the vibrational quanturiw (Ref. 17; 7=2.5x10 8 s and 1
— B is given byb?/6x,é.

PhOSphOI’S hw 14 ®i ET: k@,ln(ru) Aeff Jeff Xo (1_ﬂ)
(ecm™Y) (102 Hz) (K) (meV)
AE=178 3.75 0.175 0.45 0.46
KT 96 2.86 ~ 40 38.
6=10
AE=264 3.35 0.22 0.53 0.41
KBr:TI* 11 A7 ~ .
r 6 3 80 4{5: 12
AE=345 3.55 0.25 0.49 0.45
KCI:TI* 144 4.30 ~ 70 69. 5=17

the minimum coordinate value, and decreases whije 2andg9=0.4]. This produces nearly a halving gfand a con-
increase® or, if we prefer, with a lowering ofA, which ~ sequent depression of tfié minimum. On the basis of these
produces deeper minin(aee F|g Z By taking into account criteria, we arrive at the determinations reported in Table II,
the shift in the point of arrival in the absorption processWhich can be considered as a rather accurate determination
mentioned at the beginning, we have that the valug e~ Of the parameter values.

deduced by the peak absorption band is overestimated, be- It seems therefore s_afe to conclude that the present model
cause the shifted point of arrival corresponds,Xer0, to a  2PPears to be more suitable for interpreting the complex phe-
curve with a higher value fog. In fact, the value oG, as nomenology of these kinds of luminescence centers, at least

deduced by peak absorption-band values, considered to B the case Of.ﬁ impurity. Moreover, we can argue that
4 ) o ; Similar conclusions can be drawn also for other cases, espe-
peaked ax=0, gives a value fog=G/¢ (assumingé un-

varied nearly twice that relative to the curve which has its cially those with strong spin-orbit interaction.

maximum (for x>0) at the same energy vallisee, in Fig. The authors enjoyed stimulating and useful discussions
2(b), the dotted line linking the curves obtained @=0.2  with L.S. Schulman, E. Mihkova, and M. Nikl.
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