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Anticrossing process in the vibronic relaxation ofF centers in KCl

Norio Akiyama1 and Shinji Muramatsu2
1Department of Electronic Engineering, Okayama University of Science, Okayama 700-0005, Japan

2Department of Electrical and Electronic Engineering, Utsunomiya University, Utsunomiya 321-8585, Japan
~Received 19 July 2002; revised manuscript received 25 October 2002; published 19 March 2003!

The deexcitation process ofF centers in KCl 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 of 2s and 2p excited states. From this
analysis, it was found that the deexcitation after one~two! -photon excitation does not proceed along the
zero-order potential energy surface~PES! of the 2p (2s) state which crosses the PES of the 2s(2p) state, but
proceeds along one of the PES’s that are obtained after 2s-2p mixing interaction is included. By using the
present results and other existing data on theF centers in KCl, a brief sketch of the potential energy curves is
given.
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I. INTRODUCTION

The recent development of time-resolved spectrosc
techniques has made it possible to clarify the dynamical
pect of the deexcitation of electrons in molecules and c
ters and self-trapped excitons in insulators after opt
excitation.1–3 In the F center in alkali halides, which is a
typical example of a strongly coupled electron-lattice syst
and is also the simplest point defect in crystals,4,5 sophisti-
cated femtosecond pump-probe optical-absorption exp
ments have been performed by Scholzet al.6 and an aspec
of the lattice relaxation in the early time region after optic
excitation has been revealed. However, the fundamental
cess of the lattice relaxation from absorption to emission
the F center has yet to be described completely.

The optical pumping process ofF centers consists of th
following three components. First, resonant Raman sca
ing ~RRS! appears immediately after optical excitation fro
the ground state~g.s.! to the Franck-Condon state~FCS!
which is the final state in absorption. Next, subsequent
trafast relaxation is accompanied by a weak ultrafast em
sion @hot luminescence~HL!# during relaxation from the
FCS to the relaxed excited state~RES!. The final process is
the return of the electron to the GS through ordinary lum
nescence~OL! from the RES. These components are cor
lated with each other and the whole process involving
RRS, HL, and OL is called the resonant secondary radia
~RSR!.7,8 Interestingly, inF centers such as those in NaI an
LiF a nonradiative process occurs with a little or no lumine
cence even at liquid helium temperature. Dexter, Klick, a
Russell~DKR! criterion9 for such a nonradiative process h
been established.10–13

The electronic state of theF center in the FCS and RE
has been extensively studied by experiments using exte
perturbations ~Stark, stress, magnetic effects!, Raman
scattering,14 optical detection of the magnetic resonance, a
also by theoretical investigations15–21 that analyze these
experimental data. Examples of the quantities extrac
from these investigations are the energy of 2s-2p level
splitting,22,23 electron-phonon interaction constants,24–26 the
effective frequency of coupled phonons,27–29 spin-orbit
interaction constants,30–32 the 2p and 2s orbital radius,33–36
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spin-mixing parameters,37,38 and spin-lattice relaxation
time.31,39,40According to these studies, the FCS is describ
as nearly pure 2p states, while the RES is described as as
state admixed with 2p states, called a 2s-like state. The
Stark effect experiment shows that the 2s state is higher than
the 2p states in the FCS,22 while they are inverted in the
RES.23 This indicates the presence of 2s-2p level crossing
between the FCS and RES,41 so that a dynamic nonradiativ
transition may occur between 2s and 2p states.42

In order to detect the presence of a 2s-2p level crossing
in the relaxation process, it is necessary to measure the
spectrum over the whole Stokes range. Up to date, the R
has been measured under one-photon excitation~OPE! giv-
ing rise to a 1s-2p transition43–48 and under the two-photon
excitation ~TPE! leading to a 1s-2s transition.49–52 An ex-
perimental study using the TPE technique was first p
formed by Martiniet al.49 They observed an OL spectrum i
which the peak shifted from that observed under the OPE
a higher energy, and found that its decay time was about
that in the OPE. They explained these observations on
basis of an anticrossing mixing process of the 2s and 2p
states. Several years later, Vogler50 measured the decay tim
of emission due to the TPE and reported that it did n
change from that in the OPE. Casalboniet al.51 and Hanzawa
et al.52 also tried to investigate the emission under the TP
but did not observe the emission in the OL region. This pro
lem has still not been settled.

Analysis of the RSR spectra for the OPE has been p
formed on the basis of the simplifying assumption that theF
center is a two-level system consisting of 1s ground and 2p
excited states for a localizedF electron coupled with lattice
vibrations.7,42,48,53–57Nevertheless, still now accepted unde
standing for a role of the 2s-2p level crossing in the relax-
ation process inF centers has not been established.
present, the deexcitation process for the OPE is known
proceed as follows: It starts from the FCS~nearly pure 2p
states!, passes the level crossing point of 2s and 2p states
without suffering from the effect of the 2s state during t
vibronic relaxation and reaches a 2p-like state (2p states
admixed with 2s state!, and finally goes to the 2s-like state,
from which the OL occurs, through another level crossi
©2003 The American Physical Society15-1
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point located at the opposite side.47 We have pointed out in a
previous paper48 that the presence of the 2s state cannot be
neglected in the analysis of the deexcitation process.

The purpose of the present paper is to show how
2s-2p level crossing acts on the deexcitation process of
F center in KCl. We have performed a careful measurem
of the RSR spectra forF centers in KCl under the OPE an
TPE. The reason why we use theF center in KCl crystal is
that the optical excitation to the 2s and 2p excited states in
this center can be easily carried out. An attempt is mad
explain these experimental results consistently by improv
on the method used in our previous paper48 to analyze the
experimental result for the OPE. The present analysis
partly based on a model proposed by Bogan and Fitch23

for the RES. In Bogan and Fitchen’s model, a pseudo-Ja
Teller system of 2s and 2p states is treated phenomenolog
cally by introducing a mixing parametera by which 2s and
2p states are mixed. We assume that this mixing is reali
not only in the RES but also during the relaxation. Therefo
the mixing parameter changes depending on the progres
the relaxation. This idea is incorporated into our previo
treatment based on a time-resolved RSR spectrum und
pulse excitation formulated by Hama and Aihara57 for a two
level system such as a 1s-2p one. We obtain the dependenc
of a on the wave number of emitted light from the expe
mental data for the OPE, and then use the obtaineda to
reproduce the experimental result for the TPE. We show
if the deexcitation is assumed to proceed, through the a
crossing mixing process, from the 2p state to the 2s-like
state under the OPE and from the 2s state to the 2p-like state
under the TPE, experimental results for the OPE and TPE
consistently well explained.

II. EXPERIMENTS AND RESULTS

We used an additive colored crystal withF concentration
NF of 1.631016 cm23. In the experiment for the OPE, a
excitation light pulse from a cavity dumped dye laser~Co-
herent Antares 7220&702, dye: Rodamine 6G, pulse du
tion ;8 ps, tuning range 16 260–17 730 cm21) excited by
the second harmonics of the Nd31:YAG laser~Coherent An-
tares 76 s! was used. The repetition frequency of the exci
tion light pulse was 250 kHz. In the experiment for TPE
mode-lockedQ-switch YAG laser (9398 cm21, Q-switch
pulse duration;430 ns, mode-locked pulse duration;80
ps! was used and the repetition frequency set to 2 k
Therefore, time-resolved measurements are possible not
in the ms-time region where a usualQ-switch pulse can be
observed but also in the ps-time region where a mode-loc
pulse constituting theQ-switch pulse can be observed. Th
energy of the fundamental light of the laser amounts to a
of the energy difference between 1s and 2s states of theF
center in KCl. Moreover, we carried out the measurem
carefully using a weak excitation power so as to avoid int
actions betweenF centers induced by high power excitatio
The RSR spectra from samples of KCl were measured wi
streak scope~Hamamatsu C4334, absolute time-resoluti
;15 ps, relative resolution;2.6 ps! below 77 K ~Oxford
Microstat He! in both the experiments.
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In Fig. 1, a typical HL spectrumI HL
(1)(V) for the OPE,

which is compensated byV3, is shown as a function of the
wave number of emitted lightV. This was obtained from the
time-resolved RSR spectrum for the OPE, using a met
described in our previous paper.48 TheI HL

(1)(V) monotonously
decreases with decreasingV down to near 12 500 cm21, but
then increases asV further decreases in our experiment
range. We have pointed out that the rise of the HL is due
the oscillation of the phonon wave packet during relaxat
around the thermal equilibrium point, where the OL tak
place.48

FIG. 1. The HL spectrumI HL
(1)(V) measured under the OP

~excitation energyVex517 730 cm21) is shown along with the cal-
culated spectrum̂I HL(Vex,V,t)&.

FIG. 2. The RSR spectrumI RSR
(2) (V) for the TPE ~excitation

energyVex59398 cm21), which is compensated byV3, is shown
by a solid line composed of two components. One (A band! is
attributed to an aggregation of complexF centers, and the othe
@ I HL

(2)(V)# is the HL component in which we are interested.
5-2
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A typical observed RSR spectrumI RSR
(2) (V) for the TPE,

which is compensated byV3, is shown in Fig. 2. In this
spectrum for the TPE, the RSR spectrum intensity increa
with decreasingV in contrast to that for OPE in Fig. 1. W
consider that the RSR spectrum from 18 000 to 15 000 cm21

has only the HL component, as in the case of the OPE,
cause it shows emission having the same time width as
mode-locked pulse of 80 ps. In addition, the RSR for
TPE has a large emission band at about 14 000 cm21, and a
weak emission band around 12 000 cm21. We call these
bandsA- andB- emission bands, respectively. The intens
of these emission bands is nearly proportional to the squ
of the excitation power, when the excitation density is b
tween 1.13104 to 1.63105 W cm22. This means that there
are emission due to the TPE. Casalboniet al.51 and Hanzawa
et al.52 have already observed theA-emission band a
14 000 cm21. Casalboniet al.51 reported that its intensity in
creases as the third power of the incident laser power. H
ever, our result corresponds with the second power dep
dence, and is the same as that obtained by Hanzawaet al.52

The other bands observed by Casalboniet al.51 have not
been found in our experiment. We first measured the ra
tive lifetime of theA-emission band and determined it to b
7 ns from a single exponential decay. The origin of this ba
has been attributed to an aggregation of complexF centers
(F2 centers!51 or to a loose couple ofF centers,52 although a
detailed explanation of this emission band has not yet b
given.

On the other hand, the radiative lifetime of the we
B-emission band observed under the TPE arou
12 100 cm21 is 550 ns, which is the same as that of the O
observed under the OPE. This agrees with experimenta
sult of Vogler,50 but is not in agreement with the result o
Martini et al.49 who reported a difference between the rad
tive lifetimes of the OL under the OPE and TPE. We ha
also measured the emission near 12 100 cm21 in the time
region where the mode-locked pulse can be observed.
emission shows a fast decay of about 3 ns followed b
slow decay corresponding to the radiative lifetime of 550

The emission that slowly increases with decreasingV in
Fig. 2, denoted byI HL

(2)(V), has a short decay time equal
the duration time of the mode-locked pulse. Moreover,
shape of the emission spectrum is independent ofNF up to
431017 cm23. Therefore,I HL

(2)(V) represents the HL spec
trum due to the TPE.

III. ANALYSIS AND DISCUSSION

In this section, we analyze our experimental results tak
into account the mixing effect of the 2s and 2p states. Our
calculation relies on Eq.~9! in Ref. 57, which provides the
time ~t! resolved RSR spectrum under a pulse excitation
is given by

I 0~Vex,V,t !5~2p!2
d0

Ap
I a~Vex!E

2`

`

dt0

3e2d0
2(t02t)22gt0I e~Vex,V,t0!, ~1!
12511
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whereI a(Vex) denotes the normalized absorption spectru
I e(Vex,V,t0) denotes the emission spectrum at timet0, and
both have a Gaussian form;Vex and V denote the wave
numbers of the exciting and detected photons, respectiv
andd0 is a parameter which depends on the spectral width
the exciting pulse and the spectral resolution of the meas
ment system. The exponential factor of2gt0 denotes the
radiative decay. TheI e(Vex,V,t0) involves the spectral in-
tensity J(v), which represents the distribution of electro
phonon interaction intensity over the coupled phonon f
quency v. We use the following form similar to tha
proposed by Kayanuma,56

J~v!5H 16gv2

pCvm
2 ~vmv2v2!1/2, 0<v,vm,

0, otherwise,

~2!

where g is a dimensionless coupling constant, andvm the
maximum phonon frequency, which is given byCv̄,48 v̄
being an average phonon frequency. TheI e(Vex,V,t0) also
contains information about the time evolution of the phon
wave packet created by optical excitation.57

In this paper, we are interested in analyzing the HL sp
trum. It is important to note the following. Our experiment
HL spectrum, obtained by using a convolution method,
integrated over the time range of the excitation light pul
We denote the experimental HL spectrum byI HL

(1)(V) for the
OPE andI HL

(2)(V) for the TPE. The measured spectraI HL
(1)(V)

and I HL
(2)(V) do not directly correspond to the quantity give

by Eq. ~1!, but to the time integrated HL spectrum over th
time range of the excitation light pulse after subtracting
same time range of the OL component fromI 0(Vex,V,t).
Therefore, the time integrated HL spectrum^I HL(Vex,V,t)&,
which is to be comapred with the measured spectrumI HL

(1)(V)
or I HL

(2)(V), is given by

^I HL~Vex,V,t !&5^I 0~Vex,V,t !2I OL~Vex,V,t !&, ~3!

where the second term corresponds to the build up spec
of the OL component simulated by using Eq.~1!.48

We examined how the three parametersg, g, and vm ,
affect the calculated HL spectrum for the OPE given by E
~3!, by varyingg from 2.531025v̄ to 2.531022v̄, and also
varying the values ofvm and g. However, even when the
best choice of the parameter value was achieved, the
agreement in the intensity seen in Fig. 1 was still observ

Equation~1! has been derived under the assumption t
the matrix element of the electric dipole moment between
initial and final states of emission is a constant and taken
unity. In order to take into account the mixing effect of th
2s and 2p states, as calculated HL spectrum we take
following equation:

I HL~Vex,V!5uM ~V!u2^I HL~Vex,V,t !&, ~4!

where M (V) is the matrix element of the electric dipol
moment of emission and assumed to be a function ofV. The
M (V) can be related to the Bogan and Fitchen’s model,23 if
we assume that it holds not only in the RES but also dur
5-3
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the relaxation. According to this model, the 2s-like and
2p-like states take the following form:

u2s8&5
1

A11a2
~ u2s&1aup&), ~5!

u2p8&5
1

A11a2
~ up&2au2s&), ~6!

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

up&5
1

Ab1
21b2

21b3
2 ~b1u2px&1b2u2py&1b3u2pz&). ~7!

We assume thata is a function ofV. For the transition from
the 2p-like state to the ground 1s state, uM (V)u2

FIG. 3. ~a! The value ofa2 obtained from the fitting of Eq.~12!
to I HL

(1)(V) shown in Fig. 1. The dotted curve is the value ofa2

obtained from a semiclassical calculation. ForVn and Vx see the
text. ~b! Potential energy surfaces are schematically shown for
OPE and TPE against a configuration coordinate along which
brational relaxation proceeds. The dotted curves show the l
crossing when the 2s-2p mixing is ignored.
12511
5uMxu2/(11a2), and for the transition from the 2s-like state
to the ground 1s state,uM (V)u25uMxu2a2/(11a2), where
uMxu25u^1suxu2px&u2 if we assume thatu^1suxu2px&u2
5u^1suyu2py&u25u^1suzu2pz&u251. Hereafter, we denote
the former and latter values ofuM (V)u2 elements by
uM2p8(V)u2 and uM2s8(V)u2, respectively. Therefore, the
calculated HL spectrum is given byI HL(Vex,V)
5uM2p8(V)u2^I HL(Vex,V,t)& if the emission takes place
through the transition from the 2p-like state to the 1s state,
or I HL(Vex,V)5uM2s8(V)u2^I HL(Vex,V,t)& if the emission
occurs through the transition from the 2s-like state to the 1s
state. It should be noted that whena50, I HL(Vex,V)
5^I HL(Vex,V,t)&, and corresponds tôI HL&sim in Ref. 48,
whereI HL

(1)(V) is represented bŷI HL&expt/V
3.

Setting I HL(Vex,V)5uM2p8(V)u2^I HL(Vex,V,t)& and
comparing it toI HL

(1)(V), we obtain the relation

a25^I HL~Vex,V,t !&/I HL
(1)~V!21. ~8!

If we take I HL(Vex,V)5uM2s8(V)u2^I HL(Vex,V,t)&, a2 is
determined as follows:

a25I HL
(1)~V!/@^I HL~Vex,V,t !&2I HL

(1)~V!#. ~9!

We have obtained the value ofa2 from Eq. ~8! as a function
of V, using I HL

(1)(V) and ^I HL(Vex,V,t)& which was calcu-
lated with the optimum parameter values (g52.531025v̄,
g540, C51.5, andv̄5110 cm21).48 In the procedure for
extracting the value ofa2 from experimental and calculate
data, we normalized the magnitude of^I HL(Vex,V,t)& by
the value ofI HL

(1)(V) at Vn517 000 cm21 in Fig. 1. ForV
,Vn , the effect of the RRS can be regarded to be negligi
small. Thus, the obtained value ofa2 is plotted in Fig. 3~a!,
which shows thata2 becomes larger than 1 forV,Vx
(515 430 cm21), as shown by the dashed curve. T
Vx corresponds to the level crossing point of adiabatic
tential energy surfaces for the 2s and 2p states, when
the 2s-2p mixing is neglected, because at the cross

e
i-
el

FIG. 4. Comparison of the calculated HL spectrumI HL
(1)(Vex,V)

for OPE with the measured spectrumI HL
(1)(V).
5-4
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point a51. In order to have the value ofa2 in a range
between 0 and 1 forV,Vx , we have to useI HL(Vex,V)
5uM2s8(V)u2^I HL(Vex,V,t)&, and a2 should be obtained
from Eq. ~9! rather than Eq.~8!. The value ofa2 obtained
from Eq. ~9! is plotted in Fig. 3~a! as a solid curve forV
,Vx . The entire curve ofa2 deduced from experimenta
data will be compared with the calculated result below.

From the above discussion, the spectrum ofI HL(Vex,V)
for the OPE,I HL

(1)(Vex,V), can be expressed as

I HL
(1)~Vex,V!5uM2p8~V!u2^I HL~Vex,V,t !&Q~V2Vx!

1uM2s8~V!u2^I HL~Vex,V,t !&

3@12Q~V2Vx!#, ~10!

whereQ~V! is the step function. Equation~10! implies that
the transfer from the 2p-like state to the 2s-like state occurs
in the course of the relaxation as shown in Fig. 3~b!. In Fig.
4 the I HL

(1)(V) and its calculated spectrum given by Eq.~10!
are compared. ForV,Vn they coincide well with each
other. This is quite natural, since the value ofa2 is chosen so
that the spectra agree.

We are now in a position to explain the experimental
sult of the TPE using the result ofa2 in Fig. 3~a!. In this case
uM2p8(V)u2 and uM2s8(V)u2 in Eq. ~10! should be inter-
changed. Then, the expression for the TPE,I HL

(2)(Vex,V),
takes the following form:

I HL
(2)~Vex,V!5uM2s8~V!u2^I HL~Vex,V,t !&Q~V2Vx!

1uM2p8~V!u2^I HL~Vex,V,t !&

3@12Q~V2Vx!#. ~11!

The calculated result using Eq.~11! is compared with the
experimental resultI HL

(2) in Fig. 5. They are in good agree
ment with each other, although we usea2 in Fig. 3~a!, which
has been deduced from the experiment for the OPE. Th

FIG. 5. Comparison of the calculated HL spectrumI HL
(2)(Vex,V)

for TPE with the measured spectrumI HL
(2)(V).
12511
-

e-

fore, we can say that if the mixing parametera of the 2s and
2p states changes as shown in Fig. 3~a!, our experimental
results of the HL spectra for the OPE and TPE are descri
by Eqs.~10! and~11!, respectively. Equation~10! implies the
transfer from the 2p-like state to the 2s-like state, and Eq.
~11! implies the transfer from the 2s-like state to the 2p-like
state around the crossing point which would exist wh
a50, as shown in Fig. 3~b!.

Here, we try to obtain the dependence ofa2 on V shown
by the solid curve in Fig. 3~a! from a semiclassical calcula
tion using existing data characterizing theF center in KCl.
The relation betweena2 andV can be obtained by consid
ering a 232 Hamiltonian matrix which has the following
elements:H115Es(Q), H225Ep(Q), and H125H21* 5Vsp ,
whereEs(Q) and Ep(Q) denote adiabatic potential energ
surfaces for the 2s and 2p states, respectively, as a functio
of the interaction coordinateQ along which the vibrational
relaxation occurs, andVsp is a constant parameter mixin
those states. By getting eigenvectors of this matrix and co
paring them with Eqs.~5! and ~6!, we obtaina2 as

a252X222uXuAX21111, ~12!

whereX5@Ep(Q)2Es(Q)#/u2Vspu. In order to calculatea2

according to Eq.~12!, we need to obtainEs(Q) andEp(Q),
and furthermore the potential energy for the ground 1s state
Eg(Q) is required in order to relatea2 to V, whereV is

FIG. 6. Adiabatic potential energies of 2s, 2p, and 1s states,
which are determined by using the present data forVx and other
data in the text. The OPE and TPE indicate one-photon excita
and two-photon excitation, respectively.
5-5
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NORIO AKIYAMA AND SHINJI MURAMATSU PHYSICAL REVIEW B 67, 125115 ~2003!
approximately given by@Ep(Q)2Eg(Q)#/\ for V.Vx and
@Es(Q)2Eg(Q)#/\ for V,Vx . The Es(Q), Ep(Q), and
Eg(Q) were determined by assuming a parabolic cur
ture and using the following six data: absorption~2.313 eV!
and emission~1.174 eV! energies of theF band,4 energy
differences between 2s and 2p states in the FCS~0.11 eV!
~Ref. 58! and RES~0.0335 eV!,18 lattice relaxation energy
~0.569 eV! ~Ref. 4!, andVx ~1.913 eV515 430 cm21). The
potentials are given in units of eV byEs(Q)51.19(Q
20.7546)211.7436, Ep(Q)50.804(Q20.8164)211.7771,
andEg(Q)5Q2, and depicted in Fig. 6. In Fig. 6, we not
that the curvatures at the bottom of new nonparabolic po
tials, which are made fromEs(Q) and Ep(Q) by including
the mixing interaction of the 2s and 2p states, are nearly th
same. However, the coefficients of the quadratic terms
Es(Q) and Ep(Q) are largely different, their ratio being
1.47. In Fig. 3~a!, the a2 is calculated by settingVsp

50.013 eV, and plotted againstV as the dotted line, and i
in good agreement with that deduced from experimental d
of I HL

(1)(V). It is important to note that in the results herea2

has a constant value in the OL region. This is 0.08, which
somewhat smaller than the value of 0.15 found by Iman
et al.18 from experiments on the Stark effect in the RES
theF center in KCl. The value ofVsp50.013 eV agrees wel
with the result of Iidaet al.59

We now make briefly discuss whether the obtained va
of Vsp is suitable enough to support the anticrossing proc
The Vsp50.013 eV (105 cm21) is nearly equal to thev̄
5110 cm21 used in the calculation of Eq.~3!. According to
Ref. 60, in which the 2s-2p model calculation has been ca
ried out for the transfer probability, this seems to be an
equate strength for the anticrossing process. We estimat
lattice relaxation timet to be t.0.3 ps, usingVsp.h/t.49

On the other hand, Martiniet al. obtainedt.0.07 ps. Our
value of t is about four times longer than that of Martin
et al. However, it well corresponds to the result of our sim
lation for the dumping oscillation of the phonon wave pac
as shown in Fig. 4~b! in Ref. 48. This good correspondenc
shows that our treatment is reasonable.

Martini et al.49 presented a similar configuration coord
nate diagram to Fig. 6 on the basis of their experimen
observations, that is, different OL spectra from 2s- and
2p-like states with different lifetimes. Martiniet al. have
reported the OL arising from the 2p-like state. We also
observe the OL in the TPE as described in Sec. II. O
measured radiative lifetime of the weakB-emission near
12 100 cm21 in Fig. 2, which would correspond to the high
energy side of the OL band, is equal to that of the OL o
served in the OPE within errors of measurement. Howe
this result does not necessarily imply that the OL under
TPE has originated from the 2s-like state. This is because i
our scheme shown in Fig. 6 the OL may occur from t
2p-like state, as expected by assuming that the level a
crossing of the 2s- and 2p-like potentials occurs at the righ
hand side. Furthermore, we can suppose that the OL in
TPE arises from not only the 2p-like state but also the
2s-like state, provided that the mechanism of the deexc
tion process around the anticrossing on the right hand sid
12511
-

n-

f

ta

is
a

r

e
s.

-
the

-
t

l

r

-
r,
e

ti-

he

-
in

Fig. 6 is different from that at the left hand side. In this ca
the OL would be composed of the emission from the 2s- and
2p-like states. On the other hand, the Bogan and Fitche
model suggests that the radiative lifetime of the OL aris
from the 2p-like state isa2 times that from the 2s-like state.
The former lifetime is estimated to be 44 ns~50.083550 ns!
by using the value ofa2 in Fig. 3~a!. However, an emission
with the expected lifetime of 44 ns was not observed. T
observed emission is much faster with unexpected lifetime
only 3 ns. This seems to result from a stimulated emiss
due to 1.06mm excitation, as suggested by Casalboniet al.51

We propose that electrons that do not suffer from the stim
lated emission’s effect could emit light from the 2s-like state
with a radiative lifetime of 550 ns. From this, we infer th
the emission observed in our experiment contains contr
tions from the 2p- and 2s-like states, since the population o
the latter state is allowed by a tunneling effect between th
states or due to an incomplete transfer60 from the 2p-like to
2s-like state. Unfortunately, we could not observe the O
peaks because of the limitations of the detection sensiti
of our streak scope, and do not know whether the OL h
different emission peaks or not. In order to verify the abo
picture for the OL in the TPE, we need to perform hig
sensitivity time-resolved measurements of the OL in
TPE.

Finally, we briefly discuss the experimental result of t
depolarization spectrum in Fig. 3 in Ref. 48 in relation to o
scheme. Experiments show that the degree of polarizatio
the HL does not vanish keeping a constant value until the
region.46–48 In our scheme the polarization of the HL
governed by mixing coefficientsb1 , b2 , andb3 in Eq. ~7!,
which are related to the coupling of the excited 2p states
with t2g modes. This vibronic coupling is switched on ju
when excitation occurs into the FCS. Namely, we supp
that the polarization of the HL is determined in the stage
RRS and remains roughly unchanged during the HL proc
where relaxation is caused by other modes thant2g ones.24,26

Experimental and theoretical studies on the dynamics
the early stage have been conducted by Sholtzet al.6 on the
basis of the dynamical Jahn-Teller interactions of 2p states
with e1g and t2g modes. Our understanding is in accord wi
the result of their investigation. Vanishing of the polarizati
in the OL region is probably due to thermalization in th
RES, through vibronic coupling tot2g modes with different
coupling strengths26 from that in the FCS.24

IV. CONCLUSION

We have investigated the de-excitation process ofF cen-
ters in KCl by measuring the HL spectra under the on
photon and two-photon excitation. We analyzed these exp
mental results taking into account the mixing effect of thes
and 2p excited states. The mixing parametera is determined
from the HL spectrum for one-photon excitation as a fun
tion of the wave number of emitted lightV. We have shown
that the experimental HL spectrum under two-photon exc
tion can be reproduced well by using the determined par
etera. It is also shown that the dependence ofa2 on V can
be well reproduced using the data obtained in the pres
5-6
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work and existing data characterizing theF center in KCl.
Our value ofa in the RES is consistent with that reported
the literature.

In conclusion, from measurements of the dynamical
havior of HL spectra for theF center in KCl, it is found that
the vibronic relaxation follows an anticrossing process due
the interaction of the 2s and 2p excited states. In othe
words, one-photon excitation can proceed through the tra
fer from the 2p-like state to the 2s-like state, while two-
o
3

d

s

tri

s

B
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photon excitation can proceed through the transfer from
2s-like state to the 2p-like state.

ACKNOWLEDGMENTS

The authors wish to thank Professor T. Iida of Osaka C
University for valuable discussions and Dr. G. Baldacch
of ENEA ~Italy! for continuing his deep interest in this work
We also thank Mr. A. Tsuchihashi and Mr. T. Kojo for the
experimental help.
c.

J.

ys.

oc.

in.

in.

oc.

to,

ds
1E. Schreiber,Femtosecond Real-Time Spectroscopy of Small M
ecules and Clusters, Springer Tracts in Modern Physics Vol. 14
~Springer-Verlag, Berlin, 1998!.

2K. S. Song and R. T. Williams,Self-Trapped Excitons, Springer
Series in Solid State Sciences, Vol. 105~Springer-Verlag, Berlin,
1993!.

3S. Tomimoto, S. Saito, T. Suemoto, K. Sakata, J. Takeda, an
Kurita, Phys. Rev. B60, 7961~1999!.

4See, e.g.,Physics of Color Centers, edited by W. B. Fowler~Aca-
demic, New York, 1968!, Chap. 2;Electronic and Vibrational
Properties of Point Defects in Ionic Crystals, edited by Y. Farge
and M. P. Fontana~North-Holland, Amsterdam, 1979!, Chap. 4.

5G. Baldacchini, inOptical Properties of Excited States in Solid,
edited by B. Di Bartolo~Plenum, New York, 1992!, pp. 255–
303.

6R. Scholz, M. Schreiber, F. Bassani, M. Nisoli, S. De Silves
and O. Svelto, Phys. Rev. B56, 1179~1997!.

7V. Hizhnyakov and I. Tehver, Phys. Status Solidi21, 755 ~1967!.
8Y. Toyozawa, J. Phys. Soc. Jpn.41, 400 ~1976!.
9D. L. Dexter, C. C. Klick, and G. A. Russell, Phys. Rev.100, 603

~1955!.
10R. H. Bartram and A. M. Stoneham, Solid State Commun.17,

1593 ~1975!.
11R. H. Bartram, J. Phys. Chem. Solids51, 641 ~1990!.
12G. Baldacchini, inAdvances in Nonradiative Processes in Solid,

edited by B. Di Bartolo~Plenum, New York, 1989!, pp. 219–
259.

13F. D. Matteis, M. Leblans, and D. Schoemaker, Phys. Rev. B49,
9357 ~1994!.

14D. S. Pan and F. Lu¨ty, in Light Scattering in Solids, edited by M.
Balkanski, R. C. C. Leite, and S. P. S. Port~Flammarion, Paris,
1975!, p. 540.

15F. S. Ham, Phys. Rev. B8, 2926~1973!.
16F. S. Ham and U. Grevsmu¨hl, Phys. Rev. B8, 2945~1973!.
17Y. Kayanuma, J. Phys. Soc. Jpn.40, 363 ~1976!.
18K. Imanaka, T. Iida, and H. Ohkura, J. Phys. Soc. Jpn.43, 519

~1977!.
19K. Iwahana, T. Iida, and H. Ohkura, J. Phys. Soc. Jpn.47, 599

~1979!.
20J. Thomchick and F. S. Ham, Phys. Rev. B22, 6013~1980!.
21L. Martinelli, G. P. Parravicini, and O. L. Soriani, Phys. Rev.

32, 4106~1985!.
22G. Chiarotti, U. M. Grassano, and R. Rosei, Phys. Rev. Lett.17,

1043 ~1966!.
23L. D. Bogan and D. B. Fitchen, Phys. Rev. B1, 4122~1970!.
24S. E. Schnatterly, Phys. Rev.140, A1364 ~1965!.
l-

S.

,

25R. E. Hetrick and W. D. Compton, Phys. Rev.155, 649 ~1967!.
26N. Akiyama, K. Asami, M. Ishiguro, and H. Ohkura, J. Phys. So

Jpn.50, 3427~1981!.
27G. A. Russell and C. C. Klick, Phys. Rev.101, 1473~1956!.
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