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Anticrossing process in the vibronic relaxation ofF centers in KCI
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The deexcitation process &f centers in KCI has been investigated by means of hot luminescence spectra
measured with time-resolved spectroscopy under one-photon and two-photon excitation. An analysis of the
experimental results was performed by considering the vibronic mixing @2 2 excited states. From this
analysis, it was found that the deexcitation after @¢tveo) -photon excitation does not proceed along the
zero-order potential energy surfa@ES of the 2p (2s) state which crosses the PES of th& 2p) state, but
proceeds along one of the PES’s that are obtained afi&p2mixing interaction is included. By using the
present results and other existing data onRreenters in KCI, a brief sketch of the potential energy curves is
given.
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l. INTRODUCTION spin-mixing parameter¥;*®® and spin-lattice relaxation

The recent development of time-resolved spectroscopgime31**#%According to these studies, the FCS is described
techniques has made it possible to clarify the dynamical asas nearly pure @ states, while the RES is described assa 2
pect of the deexcitation of electrons in molecules and clusstate admixed with @ states, called a 2like state The
ters and self-trapped excitons in insulators after opticaStark effect experiment shows that the state is higher than
excitation’™® In the F center in alkali halides, which is a the 2p states in the FC&, while they are inverted in the
typical example of a strongly coupled electron-lattice systenRES® This indicates the presence 0§-2p level crossing
and is also the simplest point defect in crysfaissophisti-  between the FCS and RESso that a dynamic nonradiative
cated femtosecond pump-probe optical-absorption expertransition may occur betweersand 2p states’?
ments have been performed by Schetzl® and an aspect In order to detect the presence of &2p level crossing
of the lattice relaxation in the early time region after opticalin the relaxation process, it is necessary to measure the RSR
excitation has been revealed. However, the fundamental prepectrum over the whole Stokes range. Up to date, the RSR
cess of the lattice relaxation from absorption to emission irhas been measured under one-photon excitdiPE) giv-
the F center has yet to be described completely. ing rise to a -2p transitiof*~*®and under the two-photon

The optical pumping process &f centers consists of the excitation (TPE) leading to a %-2s transition?*~>2 An ex-
following three components. First, resonant Raman scatteperimental study using the TPE technique was first per-
ing (RRS appears immediately after optical excitation from formed by Martiniet al*° They observed an OL spectrum in
the ground stat€g.s) to the Franck-Condon stat¢=CS  which the peak shifted from that observed under the OPE to
which is the final state in absorption. Next, subsequent ula higher energy, and found that its decay time was about half
trafast relaxation is accompanied by a weak ultrafast emisthat in the OPE. They explained these observations on the
sion [hot luminescenceHL)] during relaxation from the basis of an anticrossing mixing process of the &d 2
FCS to the relaxed excited stafRES. The final process is states. Several years later, Vogtemeasured the decay time
the return of the electron to the GS through ordinary lumi-of emission due to the TPE and reported that it did not
nescencdOL) from the RES. These components are corre-change from that in the OPE. Casalbenial >* and Hanzawa
lated with each other and the whole process involving theet al>? also tried to investigate the emission under the TPE,
RRS, HL, and OL is called the resonant secondary radiatiotvut did not observe the emission in the OL region. This prob-
(RSR).”® Interestingly, inF centers such as those in Nal and lem has still not been settled.
LiF a nonradiative process occurs with a little or no lumines-  Analysis of the RSR spectra for the OPE has been per-
cence even at liquid helium temperature. Dexter, Klick, andormed on the basis of the simplifying assumption thatfhe
Russell(DKR) criterior? for such a nonradiative process has center is a two-level system consisting af ground and p
been establishelf 13 excited states for a localizee electron coupled with lattice

The electronic state of thE center in the FCS and RES vibrations/*#24853-5Nevertheless, still now accepted under-
has been extensively studied by experiments using externatanding for a role of the 22p level crossing in the relax-
perturbations (Stark, stress, magnetic effegtsRaman ation process inF centers has not been established. At
scattering"* optical detection of the magnetic resonance, angresent, the deexcitation process for the OPE is known to
also by theoretical investigatiol’s?! that analyze these proceed as follows: It starts from the FGSearly pure p
experimental data. Examples of the quantities extractedtate$, passes the level crossing point of and 2p states
from these investigations are the energy o-Zp level  without suffering from the effect of the 2s state during the
splitting 222 electron-phonon interaction constafits?®® the  vibronic relaxation and reaches @-Bke state(2p states
effective frequency of coupled phonotfs?® spin-orbit  admixed with 3 state, and finally goes to the 2like state,
interaction constant®;*?the 2p and % orbital radius*~*®  from which the OL occurs, through another level crossing
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point located at the opposite sitfewe have pointed out in a T
previous papéf that the presence of thesXtate cannot be Q =17730 Cm_l .
neglected in the analysis of the deexcitation process. a o) ex H

The purpose of the present paper is to show how the'E i \'s '
2s-2p level crossing acts on the deexcitation process of the = . <I Q.. ,Q ,t)> H
F center in KCI. We have performed a careful measuremeni o s HLex ,'
of the RSR spectra fdf centers in KCI under the OPE and c‘g S~ R

~
~
~a
-
bk YR

TPE. The reason why we use thecenter in KCl crystal is ~
that the optical excitation to thesZand 2o excited states in b 1
this center can be easily carried out. An attempt is made tc' &
explain these experimental results consistently by improving g 9
on the method used in our previous pdPeo analyze the + n
experimental result for the OPE. The present analysis is=— l
partly based on a model proposed by Bogan and Fitchen 0L , ,
for the RES. In Bogan and Fitchen’s model, a pseudo-Jahn
Teller system of 8 and 2 states is treated phenomenologi- 1.8 1.6 14 1.2
cally by introducing a mixing parameter by which 2s and 1 -4 O -1
2p states are mixed. We assume that this mixing is realizec. 0 (Cm )
not only in the RES but also during the relaxation. Therefore, 1
the mixing parameter changes depending on the progress of FIG. 1. The HL fpeCtrum (HL),(?). measured unde.r the OPE

. S LI . - excitation energy),,=17 730 cm -) is shown along with the cal-
the relaxation. This idea is incorporated into our previous, -ieq's ectrunl Qo 0,1))
treatment based on a time-resolved RSR spectrum under a P HLA Reanm i/
pulse excitation formulated by Hama and Airreor a two
level system such as &2p one. We obtain the dependence  In Fig. 1, a typical HL spectrum{{)(Q) for the OPE,
of a on the wave number of emitted light from the experi- which is compensated b§3, is shown as a function of the
mental data for the OPE, and then use the obtaimed  wave number of emitted ligi. This was obtained from the
reproduce the experimental result for the TPE. We show thaime-resolved RSR spectrum for the OPE, using a method
if the deexcitation is assumed to proceed, through the antﬂescribed in our previous paﬁ@ﬂ'heh(_'ll_)(ﬂ) m0n0t0n0u5|y
crossing mixing process, from thep2state to the &-like  gecreases with decreasifigdown to near 12 500 cft, but
state under the OPE and from the tate to the p-like staté  then increases a8 further decreases in our experimental
under the TPE, experimental results for the OPE and TPE al&nge. We have pointed out that the rise of the HL is due to

consistently well explained. the oscillation of the phonon wave packet during relaxation
around the thermal equilibrium point, where the OL takes
Il. EXPERIMENTS AND RESULTS place?®

We used an additive colored crystal withconcentration
Ng of 1.6x10% cm 3. In the experiment for the OPE, an
excitation light pulse from a cavity dumped dye la$€o-
herent Antares 7220&702, dye: Rodamine 6G, pulse dura
tion ~8 ps, tuning range 16 260—17 730 chy excited by
the second harmonics of the Rid YAG laser(Coherent An-
tares 76 swas used. The repetition frequency of the excita-
tion light pulse was 250 kHz. In the experiment for TPE, a
mode-lockedQ-switch YAG laser (9398 cm!, Q-switch
pulse duration~430 ns, mode-locked pulse duration80
ps was used and the repetition frequency set to 2 kHz.
Therefore, time-resolved measurements are possible not onl
in the us-time region where a usu@l-switch pulse can be
observed but also in the ps-time region where a mode-lockec i
pulse constituting th&-switch pulse can be observed. The 0 e A
energy of the fundamental light of the laser amounts to a half 1.8 1.6 14 12
of the energy difference betweers &nd X states of the~ ’ : : :
center in KCI. Moreover, we carried out the measurement ]0"4 Q (cm_l)
carefully using a weak excitation power so as to avoid inter-
actions betweef centers induced by high power excitation. F|G. 2. The RSR spectrurf@(Q) for the TPE (excitation
The RSR spectra from samples of KCI were measured with @nergy(,=9398 cni't), which is compensated b3, is shown
streak scopgHamamatsu C4334, absolute time-resolutionpy a solid line composed of two components. Ore ifand is
~15 ps, relative resolution-2.6 p9 below 77 K (Oxford  attributed to an aggregation of compléxcenters, and the other
Microstat Hg in both the experiments. [1{2(Q)] is the HL component in which we are interested.

Q. =9398 cm™
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A typical observed RSR spectrub2{Q) for the TPE, wherel ({,) denotes the normalized absorption spectrum,
which is compensated b§2®, is shown in Fig. 2. In this 1¢(Qey.(,7) denotes the emission spectrum at time and
spectrum for the TPE, the RSR spectrum intensity increasg¥th have a Gaussian fornf)., and () denote the wave
with decreasing? in contrast to that for OPE in Fig. 1. We numbers of the exciting and detected photons, respectively,
consider that the RSR spectrum from 18 000 to 15000%m andd, is a parameter which depends on the spectral width of
has only the HL component, as in the case of the OPE, bdhe exciting pulse and the spectral resolution of the measure-
cause it shows emission having the same time width as theent system. The exponential factor efyr, denotes the
mode-locked pulse of 80 ps. In addition, the RSR for theradiative decay. Thég(Qex, (2, 7g) involves the spectral in-
TPE has a large emission band at about 14 000%grand a  tensity J(w), which represents the distribution of electron-
weak emission band around 12000¢m We call these phonon interaction intensity over the coupled phonon fre-
bandsA- and B- emission bands, respectively. The intensityquency w. We use the following form similar to that
of these emission bands is nearly proportional to the squaneroposed by Kayanun,
of the excitation power, when the excitation density is be-

tween 1.x 10* to 1.6<10° Wcm™ 2. This means that there 16gw? o1

are emission due to the TPE. Casalbenal >* and Hanzawa Jw)=1 7Ca? (wmo—09)™, 0So<on, @
et al®® have already observed thA-emission band at m

14000 cm . Casalbongt al> reported that its intensity in- 0, otherwise,

creases as the third power of the incident laser power. Hov‘ﬂivhereg is a dimensionless coupling constant, ang the

ever, our result corresponds with the second power depen-

dence, and is the same as that obtained by Hanza\ak? ma}ximum phonon frequency, which is given W:’% ®
The other bands observed by Casalbenial®! have not being an average phonon frequency. THEe,, (2, 7) also

been found in our experiment. We first measured the radia(;ontains information about the time evolution of the phonon

tive lifetime of theA-emission band and determined it to be walve E_acket created by.optical edxgitatﬁrll. ing the HL

7 ns from a single exponential decay. The origin of this band n this paper, we are interested in analyzing the HL spec-
has been attributed to an aggregation of comecenters trum. Itis |mportant' to note the_ following. Our expenmenta}
(F, centers or to a loose couple df centers? although a HL spectrum, obtained by using a convolution method, is

detailed explanation of this emission band has not yet beeljitégrated over the time range of the excitation light pulse.
given. We denotezthe experimental HL spectrumliff/(Q) for the
On the other hand, the radiative lifetime of the weakOPE and ({(Q) for the TPE. The measured spedtf(()
B-emission band observed under the TPE around@ndl{f(Q) do not directly correspond to the quantity given
12100 cm* is 550 ns, which is the same as that of the OLPY EQ. (1), but to the time integrated HL spectrum over the
observed under the OPE. This agrees with experimental rdime range of the excitation light pulse after subtracting the
sult of Vogler® but is not in agreement with the result of same time range of the OL component frag{Qe,,(2,t).
Martini et al*® who reported a difference between the radia-Therefore, the time integrated HL spectrihy (Qex,{2,t)),
tive lifetimes of the OL under the OPE and TPE. We havewhich is to be comapred with the measured spectrijfiQ)
also measured the emission near 12100 trim the time  or 12)(Q), is given by
region where the mode-locked pulse can be observed. The
emission shows a fast decay of about 3 ns followed by a  {1HL(2ex, 2,0) = (lo(Qex, Q1) = 1oL(Qex, A1), (3)
slow decay corresponding to the radiative lifetime of 550 ns

_ The emission thgt) slowly increases with depreasfmm of the OL component simulated by using E@).*®
Fig. 2, de_note_d by (1), has a short decay time equal 0 \we examined how the three parametersg, and o,
”;]e duraftlohn time of the mode-logkgddpulsed '\r/ilttl)r(;?ver’ thesffect the calculated HL spectrum for the OPE given by Eq.
epe 1 e exioson pecim & 1GepeTGealD 0 () by g fom 2510 % 1025410 . o

: 1hc(€2) rep P varying the values ofw,, and g. However, even when the

trum due to the TPE. best choice of the parameter value was achieved, the dis-
agreement in the intensity seen in Fig. 1 was still observed.
I1l. ANALYSIS AND DISCUSSION Equation(1) has been derived under the assumption that

the matrix element of the electric dipole moment between the

~ Inthis section, we analyze our experimental results takingnjtia| and final states of emission is a constant and taken as
into account the mixing effect of theszand 2p states. Our ity |n order to take into account the mixing effect of the

calculation relies on Eq9) in Ref. 57, which provides the 55 3ng 2 states, as calculated HL spectrum we take the
time (t) resolved RSR spectrum under a pulse excitation a”%llowing equation:

where the second term corresponds to the build up spectrum

is given by
IHL(QerQ):|M(Q)|2<IHL(QeX7Qat)>a (4)
% * h Q) is th ix el f th lectric dipol
(e Q.0 = (20221 (Q f d where M(Q) is the matrix element of the electric dipole
o Qex )=(2m) Jr ol Qe w70 moment of emission and assumed to be a functioQ.ofhe

, M(Q) can be related to the Bogan and Fitchen’s médlé,
><e‘5§(70‘t) TVl ( Qe 2, 79), (1)  we assume that it holds not only in the RES but also during

125115-3



NORIO AKIYAMA AND SHINJI MURAMATSU

the relaxation. According to this model, thes-ike and
2p-like states take the following form:

1

|2s")= W(|ZS>+OZ|D>), (5)
1

|2P'>:W(|p>—a|25>), (6)

wherea is a mixing parameter ranging from 0 to 1, and

5(01/2p,) +b5|2py) +03[2p,)). (7)

1
IP)= JoZ+bZ+b2

We assume that is a function of(). For the transition from
the 2p-like state to the ground sl state, |M(Q)|?

1.0}

<
()]
T

Energy

2s-like

(b) Configuration Coordinate

FIG. 3. (a) The value ofa? obtained from the fitting of Eq(12)
to 1{)(Q) shown in Fig. 1. The dotted curve is the value @t
obtained from a semiclassical calculation. Edf and (), see the
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FIG. 4. Comparison of the calculated HL spectrL&fﬁ(Qex,Q)
for OPE with the measured spectrufi)(Q2).

=M% (1+a?), and for the transition from thes2like state
to the ground § state,|M(Q)|%2=|M,|?2a?/(1+ «?), where
IM,|2=1(1s|x|2p,)|?> if we assume that|(1s|x|2p,)|?
=|(1s|y|2py)|*=1(1s|z|2p,)|*=1. Hereafter, we denote
the former and latter values ofM(Q)|? elements by
M, ()% and [M,s (Q)|?, respectively. Therefore, the
calculated HL spectrum is given byl (Qey, )
=[Mp (Q) X1y (Qex, Q,1)) if the emission takes place
through the transition from the2like state to the § state,
O L (Qex, Q) = Mg (Q) |21 4 (Qex, Q,1) ) if the emission
occurs through the transition from the-Bke state to the &
state. It should be noted that whew=0, | (Qey, Q)
=14 (Qey, Q,1)), and corresponds tly )sim in Ref. 48,
wherel {)(Q) is represented by ;) exor/ Q°.

Setting lHL(QeX!Q):|M2p’(Q)|2<IHL(Qex:Qvt)> and
comparing it tol $)(Q), we obtain the relation

2= (1L (Qe. QD)1 (Q) — 1. (8)

If we takel HL(Qer) = | MZS’(Q) |2<| HL(QexaQrt»' aZ is
determined as follows:

=11 (Qey, 2,0) = 1R(Q)]. (9)

We have obtained the value af from Eq.(8) as a function

of Q, using () and (114 (Qex, Q,1)) Which was calcu-
lated with the optimum parameter valueg=2.5xX 10 >,
g=40, C=1.5, ando=110 cm*).*8 In the procedure for
extracting the value of? from experimental and calculated
data, we normalized the magnitude @f (Qey,Q,t)) by
the value ofl(2(Q) at Q,=17000 cm* in Fig. 1. ForQ
<Q,, the effect of the RRS can be regarded to be negligibly
small. Thus, the obtained value af is plotted in Fig. 3a),
which shows thate? becomes larger than 1 fd2<Q,

text. (b) Potential energy surfaces are schematically shown for thd = 15430 cm?'), as shown by t_he da_shed curve. The
OPE and TPE against a configuration coordinate along which vi{1x corresponds to the level crossing point of adiabatic po-
brational relaxation proceeds. The dotted curves show the levdential energy surfaces for thes2and 2o states, when

crossing when the 22p mixing is ignored.

the 2s-2p mixing is neglected, because at the crossing
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107 Q (cm ) 1.8
FIG. 5. Comparison of the calculated HL spectrlfi(Qcy, Q)
for TPE with the measured spectruti)(2). ,;E
1.0
point a=1. In order to have the value af? in a range
between 0 gnd 1 fofi<Q,, we ha\Z/e to useHL(Qex,(_l) ok 1s
=M s ()51 (Qex, Q,1)), and @ should be obtained >
from Eq. (9) rather than Eq(8). The value ofa? obtained . . .
from Eq. (9) is plotted in Fig. 8a) as a solid curve fof) Conflguratlon Coordinate
<Q,. The entire curve ofx* deduced from experimental S _ _
data will be compared with the calculated result below. FIG. 6. Adiabatic potential energies 0622p, and Is states,
From the above discussion, the spectrun ,@f(Q,, Q) which are determined by using the present data(igrand other
for the OPE. (1)(9 Q), can be expressed as € data in the text. The OPE and TPE indicate one-photon excitation
" HL ex: ’

and two-photon excitation, respectively.

(1) Mo ()2 _
R (Qex )= [Map (D) (e 2,1) (A =0y fore, we can say that if the mixing parameteof the 2s and

+ Mg ()21 (Qex, 1)) 2p states changes as shown in Figa)3our experimental
results of the HL spectra for the OPE and TPE are described
X[1-0(Q—-Qy)], (100 py Eqgs.(10) and(11), respectively. EquatiofL0) implies the

transfer from the P-like state to the 2-like state, and Eq.
(11) implies the transfer from thes2like state to the p-like
state around the crossing point which would exist when
a=0, as shown in Fig. ®).

Here, we try to obtain the dependenceadfon Q0 shown
by the solid curve in Fig. @) from a semiclassical calcula-
tion using existing data characterizing tRecenter in KCI.
The relation betweea? and () can be obtained by consid-
“ering a 22 Hamiltonian matrix which has the following
elements:H;;=E¢(Q), Hp=E,(Q), andH,=H3=Vy,
where E¢(Q) and E,(Q) denote adiabatic potential energy
surfaces for the 2 and 2p states, respectively, as a function
of the interaction coordinat® along which the vibrational
relaxation occurs, an¥¥, is a constant parameter mixing
those states. By getting eigenvectors of this matrix and com-

where®(Q) is the step function. Equatiofl10) implies that
the transfer from the 2-like state to the 2-like state occurs
in the course of the relaxation as shown in Fig)3In Fig.
4 thelP(Q) and its calculated spectrum given by E#0)
are compared. Fof)<(, they coincide well with each
other. This is quite natural, since the valuendfis chosen so
that the spectra agree.

We are now in a position to explain the experimental re
sult of the TPE using the result @f in Fig. 3a). In this case
M2, (Q)]? and [M,e (€)]? in Eq. (10) should be inter-
changed. Then, the expression for the TRE)( Qe Q),
takes the following form:

2 Qe )= Mg () [ K1 p( Qe 2,1))O(Q— Q)

M (D)2 Qs 2, 1) paring them with Eqs(5) and (6), we obtaina? as
X[1-0(Q—-Qy)]. (11 a?=2X2=2|X|X?+1+1, (12)

The calculated result using E¢L1) is compared with the whereX=[E(Q)—E¢(Q)1/|2Vsy|. In order to calculater?
experimental result{y in Fig. 5. They are in good agree- according to Eq(12), we need to obtaiE«(Q) andE,(Q),
ment with each other, although we us&in Fig. 3@, which  and furthermore the potential energy for the grousdsiate

has been deduced from the experiment for the OPE. Therdz,(Q) is required in order to relate? to ), where() is
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approximately given byE (Q) —E4(Q)1/% for >, and  Fig. 6 is different from that at the left hand side. In this case,
[Es(Q)—E4(Q) 1/ for Q<Q,. The E{(Q), Ey(Q), and the OL would be composed of the emission from tise @&nd
E4(Q) were determined by assuming a parabolic curva-2p-like states. On the other hand, the Bogan and Fitchen’s
ture and using the following six data: absorpti@313 e\j ~ model suggests that the radiative lifetime of the OL arising
and emission(1.174 eV} energies of thee band* energy  from the 2p-like state ise’® times that from the &like state.
differences betweens2and 2p states in the FC$0.11 e\j  The former lifetime is estimated to be 44 (+s0.08x550 ng
(Ref. 59 and RES(0.0335 eV),'® lattice relaxation energy DY using the value o&? in Fig. 3a). However, an emission
(0.569 eV} (Ref. 4, andQ, (1.913 eV=15430 cnT'%). The with the expected lifetime of 44 ns was not observed. The
potentials are gi\,/en in Xunits of eV bfE(Q)=1.19Q observed emission is much faster with unexpected lifetime of
S . ; ; L
—0.7546}+1.7436, Ep(Q)=0.804(Q—0.8164)2+1.7771, only 3 ns. This seems to result from a stimulated e_rrylssmn
andE,(Q)=Q2, and depicted in Fig. 6. In Fig. 6, we note due to 1.06um excitation, as suggested by Casalbeinal.
that tr?e curvattjres at the bottom of ﬁeW non érabolic ote We propose that electrons that do not suffer from the stimu-
tials, which are made fror&(Q) and E.(Q) bpy includinz Nated emission’s effect could emit light from the-Bke state
H S p

L . with a radiative lifetime of 550 ns. From this, we infer that
the mixing interaction of the 2and 2 states, are nearly the o emission observed in our experiment contains contribu-

same. However, the coefficients of the quadratic terms ofigng from the - and 2-like states, since the population of
Es(Q) and E,(Q) are largely different, their ratio being the |atter state is allowed by a tunneling effect between those
1.47. In Fig. 3a), the o” is calculated by settindVs,  states or due to an incomplete tran&drom the 2p-like to
=0.013 eV, and plotted again& as the dotted line, and is 2s-like state. Unfortunately, we could not observe the OL
in good agreement with that deduced from experimental datgeaks because of the limitations of the detection sensitivity
of I{(Q). It is important to note that in the results heré  of our streak scope, and do not know whether the OL have
has a constant value in the OL region. This is 0.08, which igifferent emission peaks or not. In order to verify the above
somewhat smaller than the value of 0.15 found by Imanakaicture for the OL in the TPE, we need to perform high
et al!® from experiments on the Stark effect in the RES forsensitivity time-resolved measurements of the OL in the
theF center in KCI. The value 0¥,=0.013 eV agrees well TPE.
with the result of lidaet al>® Finally, we briefly discuss the experimental result of the
We now make briefly discuss whether the obtained valualepolarization spectrum in Fig. 3 in Ref. 48 in relation to our
of Vg, is suitable enough to support the anticrossing processcheme. Experiments show that the degree of polarization of
The Vg,=0.013 eV (105 cm?) is nearly equal to theo  the HL does not vanish keeping a constant value until the OL
=110 cm * used in the calculation of E¢3). According to  region*®~*® In our scheme the polarization of the HL is
Ref. 60, in which the &-2p model calculation has been car- governed by mixing coefficients,, b,, andbs in Eq. (7),
ried out for the transfer probability, this seems to be an adwhich are related to the coupling of the exciteg &tates
equate strength for the anticrossing process. We estimate théth t,; modes. This vibronic coupling is switched on just
lattice relaxation timer to be 7>0.3 ps, usingVs,> h/7.*°  when excitation occurs into the FCS. Namely, we suppose
On the other hand, Martiret al. obtained7>0.07 ps. Our that the polarization of the HL is determined in the stage of
value of 7 is about four times longer than that of Martini RRS and remains roughly unchanged during the HL process
et al. However, it well corresponds to the result of our simu-where relaxation is caused by other modes thgones>*?®
lation for the dumping oscillation of the phonon wave packet Experimental and theoretical studies on the dynamics in
as shown in Fig. é) in Ref. 48. This good correspondence the early stage have been conducted by Sheilial® on the
shows that our treatment is reasonable. basis of the dynamical Jahn-Teller interactions of ates
Martini et al*® presented a similar configuration coordi- with €14 andt,q modes. Our understanding is in accord with
nate diagram to Fig. 6 on the basis of their experimentathe result of their investigation. Vanishing of the polarization
observations, that is, different OL spectra frons-2and in the OL region is probably due to thermalization in the
2p-like states with different lifetimes. Martineét al. have ~ RES, through vibronic coupling t,y modes with different
reported the OL arising from thep2like state. We also coupling strengtt§ from that in the FC$?
observe the OL in the TPE as described in Sec. Il. Our
measured radiative lifetime of the wedkemission near
12100 cm! in Fig. 2, which would correspond to the high-
energy side of the OL band, is equal to that of the OL ob- We have investigated the de-excitation proces& aen-
served in the OPE within errors of measurement. Howevetters in KCl by measuring the HL spectra under the one-
this result does not necessarily imply that the OL under thgphoton and two-photon excitation. We analyzed these experi-
TPE has originated from thesZike state. This is because in mental results taking into account the mixing effect of tise 2
our scheme shown in Fig. 6 the OL may occur from theand 2o excited states. The mixing parameteis determined
2p-like state, as expected by assuming that the level antifrom the HL spectrum for one-photon excitation as a func-
crossing of the 8 and 2p-like potentials occurs at the right tion of the wave number of emitted liglit. We have shown
hand side. Furthermore, we can suppose that the OL in thgnat the experimental HL spectrum under two-photon excita-
TPE arises from not only the 2like state but also the tion can be reproduced well by using the determined param-
2s-like state, provided that the mechanism of the deexcitaeter «. It is also shown that the dependenceadfon Q can
tion process around the anticrossing on the right hand side ibe well reproduced using the data obtained in the present

IV. CONCLUSION
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work and existing data characterizing thecenter in KCl.  photon excitation can proceed through the transfer from the
Our value ofa in the RES is consistent with that reported in 2s-like state to the B-like state.
the literature.
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