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Nuclear wave-packet dynamics in the excited state of KI F centers is investigated by using time-resolved
luminescence spectroscopy based on the up-conversion technique. The observed transient spectrum involves an
oscillatory and a nonoscillatory component. The origins of these components are interrogated by comparing the
results with a model calculation based on the resonant secondary radiation theory. The oscillatory part reflects
the coupling of the 2s-like electron mainly to the totally symmetric local mode around the F center. The
nonoscillatory part reflects the incoherent population of the vibrational levels in the 2p-like state, which
couples to many bulk phonon modes with a broad density of state. The model calculation suggests that the
transition probability to the 2p-like state is approximately 0.05.
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I. INTRODUCTION

Ultrafast dynamics of atoms or molecules in solids is an
important issue for understanding and controlling chemical
processes,1 defect formations,2 and photoinduced phase
transitions.3,4 Coherent lattice motions are expected to play a
key role in promoting such phenomena at their intermediate
states. The coherent lattice vibrations in macroscopic scale is
termed as the coherent phonons,5 which behave as a classical
mechanical wave. They reflect the bulk vibrational spectrum
under moderate photoexcitation conditions, while in the case
of high density excitation, anharmonic phonons appear.6,7 By
contrast, the coherent atomic motions in localized systems
are suitably understood by the concept of the nuclear wave
packet �NWP�. The NWP is a coherent superposition of sev-
eral vibrational sublevels on the adiabatic potential energy
surface �APES� and is considered as a quantum mechanical
wave.

The local lattice vibration is described in terms of the
interaction mode,8,9 i.e., the linear combination of a number
of normal modes consisting of bulk phonon modes as well as
local modes. The coupling of normal modes to a localized
electron depends on the size and the symmetry of the rel-
evant electronic wave function.

Recently, we have investigated the excited F center in a
KI crystal through time-resolved luminescence spectroscopy.
The experimental results suggest that a portion of the NWP
diabatically transfers to the upper-lying nearly degenerate
APES.10 In the present paper, we perform a model calcula-
tion for the temporal evolution of the luminescence spectrum
and quantitatively interrogate the NWP dynamics in the ex-
cited state of the F center.

The F center in alkali halides is a prototype of a strongly
coupled localized electron-phonon system, which consists of
an anion vacancy occupied by a single electron. Its configu-
ration coordinate diagram is illustrated in Fig. 1�a�. The ex-
cited state is composed of nearly degenerate 2s and 2p states.
The Stark effect experiments show that the 2s state lies
above the 2p states in the Franck-Condon state �FCS� of
absorption around a hundred meV �90 meV in KI F
centers�,11 but is lower in the relaxed excited state �RES�

about several tens of meV �41.17 meV in KI F centers�.12

The RES is called the 2s-like state because it is described as
the 2s state admixed with a part of upper-lying 2p states via
the pseudo-Jahn-Teller effect due to the T1u phonon modes.13

Above the 2s-like state lies the 2p-like state, which is de-
scribed as the 2p states admixed with a part of the 2s state. In
contrast, the FCS has a character of nearly pure 2p states.
The Stark effect experiments show that the 2s and 2p levels
cross each other between the FCS and the RES. Recently,
Akiyama and Muramatsu have indicated that the relaxation
proceeds from the 2p state to the 2s-like state through an
anticrossing region.14

The optical process at the F center has been understood as
follows. Optical absorption excites the system adiabatically
from the 1s ground state to the FCS with a NWP created on
the 2p APES �Fig. 1�b��. The lattice starts to expand to the
new equilibrium point; i.e., the NWP starts to move toward
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FIG. 1. Schematic drawings of the excited-state dynamics at the
F center in the configuration coordinate space. �a� Configuration
coordinate diagram. ��b�–�d�� Nuclear wave-packet dynamics in a
sequence of optical processes from absorption to ordinary lumines-
cence �see text�.
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the potential minimum in the excited state. The NWP propa-
gates from the 2p state to the 2s-like state almost continu-
ously through the anticrossing region along the lower APES
�solid arrow in Fig. 1�c��. Then, it oscillates around the po-
tential minimum. After the NWP motion is damped and the
thermalized population is established, the system returns to
the ground state by emitting a photon �Fig. 1�d��. This emis-
sion is so-called ordinary luminescence �OL�, whose decay
time is several microseconds �e.g., 2.22 �s for the F center
in KI at 10 K�.15 Even though the vibrational relaxation pro-
ceeds so fast, some centers emit photons before thermaliza-
tion; this emission is called hot luminescence �HL�. The in-
stantaneous shape of the NWP on the APES can be captured
through the transient luminescence spectrum.

Although the NWP passes through the anticrossing region
almost adiabatically, some portion will transfer to the upper
APES diabatically �dashed arrow in Fig. 1�c��. The HL
around the potential minimum at the earlier stage of relax-
ation cannot be observed in stationary luminescence spectra
because the HL is obscured by the OL: The time-integrated
OL intensity is �105 times larger than the HL.16–18 In order
to understand the NWP behavior, it is necessary to perform
real-time measurements. Time-resolved spectroscopy mea-
surements with time resolutions of picoseconds or a few hun-
dred femtoseconds have been done for the F centers in
KCl,19–22 NaBr,23 or NaI.24 Ultrafast pump-and-probe experi-
ments have been performed for KBr F centers with �10 fs
laser pulses under the so-called degenerate pump-probe
conditions.25,26 However, the NWP behavior around and after
the anticrossing region have not been elucidated in these
real-time measurements.

In order to investigate the unrevealed excited-state dy-
namics depicted in Fig. 1�c�, we conduct the time-resolved
luminescence spectroscopy for KI F centers. A model calcu-
lation of the time-resolved spectrum is also performed based
on the resonant secondary radiation theory applied to the
system with two excited states. The experimental results are
compared with those from the calculation, and the NWP dy-
namics is studied.

The remainder of this paper is outlined as follows: In Sec.
II, the experiment of the frequency up-conversion spectros-
copy is explained. The experimental results are presented
and analyzed. Section III describes the model calculation
based on the resonant secondary radiation theory in the case
of the strong electron-phonon coupling limit. Section IV ad-
dresses the interpretation of the experimental results by re-
ferring to the calculation results.

II. EXPERIMENT

Luminescence methods have advantages for studying the
excited states at localized systems. When the luminescence
photon energies are suitably selected to be far from the en-
ergy of the absorption band, obtained results are free from
the ground-state dynamics.27–33 Furthermore, the participat-
ing optical transition is only from the excited state to the
ground state, so that the complication due to the higher ex-
cited states can be avoided, which often causes difficulties in
analyzing data of pump-and-probe experiments.

A. Experimental setup

Crystals of KI were obtained from Korth Kristalle GmbH
and additively colored up to F-center concentrations of ap-
proximately 5�1016 cm−3 by van Doorn’s method.34 A sche-
matic diagram of our system for a transmissive up-
conversion measurement is drawn in Fig. 2. Cleaved
samples, 300 �m thick, were mounted in a He-flow cryostat
operating at 10 K. The light source was a regenerative am-
plifier �200 kHz, 800 nm, 70 fs�, which was seeded by a
mode-locked Ti:sapphire laser �76 MHz, 800 nm, 35 fs�. A
part of the output of the amplifier was used as a gate pulse
and the rest was used to pump an optical parametric ampli-
fier �OPA�, which generated an excitation pulse. The excita-
tion light was polarized parallel to the �100� crystal axis of
KI. The average excitation power was 1 mW. The excitation
photon energy was 1.823 eV, which corresponds approxi-
mately to the peak energy of the absorption band of the F
center in KI; the absorption band peaks at 1.875 eV with a
full width at half maximum �FWHM� of 0.155 eV at 10 K.35

The sum frequency signal was generated by mixing the lu-
minescence photons with the time-delayed gate pulses in a
1-mm-thick lithium iodate �LiIO3� crystal with a cutting
angle of 37.4°. Owing to the type-I phase matching, detected
luminescence has the polarization direction parallel to that of
the gate pulse, which was set parallel to that of the excitation
pulse. After being collimated, the signal light was spatially
and spectrally separated by an iris and a double-grating
monochromator, respectively, from the remnants of the gate
pulses and unphase-matched second harmonics of the gate
pulses. The signal light was detected by a photomultiplier
tube and a photon counter. The overall time resolution of the
measurement system was 110 fs. The spectral resolution was
about 0.06 eV. The spectral sensitivity of the system was
measured by means of the up-conversion signal of a tungsten
standard lamp. The luminescence was detected in the photon
energy range 0.7–1.3 eV, involving the emission peak at
0.827 eV.36

B. Results and analysis

Figure 3 shows the time evolutions of luminescence in-
tensities measured at different photon energies. The relative
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FIG. 2. Schematic diagram of the system for a transmissive
up-conversion measurement. VND1, VND2, variable neutral-
density filters; L1, L2, planoconvex lenses; OPM1-4, off-axis pa-
raboloidal mirrors.
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intensity at each photon energy is calibrated with respect to
the 1.3 eV luminescence. The time origin was defined as the
center point of the cross-correlation signal between the gate
pulse and the excitation pulse scattered at the surface of the
sample. As the luminescence experiences a 1.5-mm-thick
fused silica window of the cryostat, each time origin is
shifted in this figure to compensate for respective time ad-
vances due to the group velocity dispersion of this window.

In the high energy region, 1.0 eV and above �Figs.
3�a�–3�d��, the decay time becomes longer as the photon en-
ergy decreases. The 0.8 eV trace �Fig. 3�f�� indicates a fast
rising within the time resolution, a kink around 0.1 ps, and a
gradual rise for several picoseconds. Since the time constant
of the gradual rise corresponds to that of the decay of the
1.2–1.3 eV luminescence, it reflects the concentration of the
probability amplitude toward the potential minimum associ-
ated with the NWP damping. The temporal evolutions of the
0.9 and 0.7 eV luminescences in Figs. 3�e� and 3�g� resemble
each other. This is in accordance with the fact that the 0.8 eV
luminescence occurs near the potential minimum.

Figure 4 shows the oscillating components, which are ex-
tracted by subtracting the smoothed envelope from the traces

in Fig. 3. The decay time of the oscillation decreases as the
photon energy increases. The oscillation at 0.9 eV lasts over
the detected time region with a steady amplitude �Fig. 4�e��.
The oscillation at 1.1 eV almost disappears by 5 ps �Fig.
4�c��. The disappearance of oscillation indicates that after
5 ps the NWP does not reach the probe window at 1.1 eV. If
the NWP does not come to the probe window, the lumines-
cence intensity should be zero at that energy. However, Fig.
3�c� shows appreciable nonoscillatory luminescence intensity
remains at 5 ps. The nonoscillatory component indicates the
existence of an incoherent population. It is unlikely that the
incoherent population coexists with the wave packet �coher-
ent state� on the same APES because we have to assume
different decoherence rates for the higher and lower vibra-
tional levels for realizing such a situation. Therefore, it is
conceivable that there is another luminescent state, in which
the incoherent population is established by 5 ps.

In order to examine the long-lasting oscillation in the
0.9 eV wave form, the Fourier transformed spectrum of the
oscillating component between 0.3 and 5.0 ps in Fig. 4�e�
was calculated using the Hanning window function and is
shown in Fig. 5�a�. The spectrum shows the highest peak at
2.8 THz; this value is nearly equal to the frequency of the
A1g local mode at 2.89 THz observed in the resonance Ra-
man spectrum.37 In both sides of this remarkable peak, sev-
eral structures are seen. Comparing them with the density of
state �DOS� of bulk phonons in KI,38 the structures at the low
frequency side are attributed to acoustic phonon modes near
zone boundaries and singularity points, and those at the high
frequency side to optical phonon modes.39 Bulk phonon
modes have been observed for other localized systems, e.g.,
the F center in KBr �Ref. 32� and dihalogen-doped rare gas
crystals �Refs. 40–42�.

III. CALCULATION

In this section, we describe the model calculation of the
time evolution of the luminescence spectrum. The calcula-
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tion is performed based on the resonant secondary radiation
theory in the strongly coupled localized electron-phonon sys-
tem.

Resonant secondary radiation theory describes a sequence
of optical processes at localized electron-phonon systems
from resonance Raman scattering over HL to OL. The theory
has been developed by Hizhnyakov and Tehver,43,44

Toyozawa,45 and Toyozawa et al.46 Then, it has been applied
to the calculation of the NWP dynamics in the strong
electron-phonon coupling case.47–50 We proceed along the
time-dependent formalism of Ref. 50.

Several calculations of the resonant secondary radiation at
optical centers have been performed mainly for the two-level
system with the electron-phonon coupling. In order to de-
scribe the case of the F center, it is necessary to consider two
excited states, the 2s-like and 2p-like states.14,51,52

In the calculation of the probability of spontaneous emis-
sion, the cube of the emitted photon energy appears. How-
ever, we omit the factor in the following description since we
are interested in the NWP behavior. Hereafter, we use the
term “luminescence spectrum” as the shape function of the
emission band, which is defined as the emission intensity
divided by the cube of the energy.

A. Transient spectrum from the 2s-like state

The transient hot luminescence spectrum reflecting the
NWP dynamics on the 2s-like APES is derived as follows.
According to Ref. 50, the transient hot luminescence spec-
trum Fe��2 ,�1 ; t� is described as �hereafter, we adopt the
unit �=1�

Fe��2,�1;t� �
�2�

D̃�t�
exp�−

��2 − �̃�t�	2

2D̃�t�2 
 , �1�

where �1 and �2 are the incident photon energy and the

emitted one, respectively. �̃�t� and D̃�t� are, respectively, the

time-dependent Franck-Condon energy and the time-
dependent spectral width of the hot luminescence, which are
given by

�̃�t� = � − 2ELR + 2�
−	

	

d
J�
�cos 
t�
−1 +
�1 − �

2D2 
 ,

�2�

D̃�t�2 = D2 −
1

D2��
−	

	

d
J�
�cos 
t
2

. �3�

Here, � is the electronic excitation energy, ELR is the lattice
relaxation energy given by �−	

	 d

−1J�
�, and D is the
width given by D2=�−	

	 d
J�
�, where J�
� is the spectral
density function, which will be defined later.

Considering the experimental condition of the near reso-
nant excitation and the finite initial spectral width caused by

the laser pulse width, �̃�t� and D̃�t� are modified as

�̃�t� = � − 2ELR + 2�
−	

	

d

−1J�
�cos 
t , �4�

D̃�t�2 = D0
2 + D2 −

1

D2��
−	

	

d
J�
�cos 
t
2

, �5�

where D0 is the initial spectral width.
Note that

lim
t→0

�̃�t� = � , �6�

lim
t→0

d

dt
�̃�t� = 0, �7�

lim
t→	

�̃�t� = � − 2ELR, �8�

lim
t→0

D̃�t� = D0, �9�

lim
t→	

D̃�t� = �D0
2 + D2 � D	, �10�

where D	 is the final spectral width of the hot luminescence.
The spectral density function J�
� specifies the lattice re-

laxation dynamics due to the electron-phonon interaction,
i.e., the NWP dynamics. Various forms are assumed for J�
�,
e.g., 
2�Lorentzian by Kusunoki,47 
2�Gaussian by Hama
and Aihara,48,49 
2�ellipse by Kayanuma,50 and 

�double Gaussian by Tomimoto et al.28 The last one con-
sists of the product of a linear term and two Gaussian terms
with the same peak frequency and different widths. Based on
this spectral density function, the damped NWP oscillations
associated with the formation of self-trapped excitons in
quasi-one-dimensional halogen bridged platinum complexes
have been numerically reproduced.28 We adopt the double
Gaussian function and assume the Gaussian components
to peak at 
local=11.5 meV ��2.78 THz�, which is the
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FIG. 5. �a� Fourier power spectrum of the oscillatory component
extracted from the luminescence intensity at 0.9 eV. �b� Spectral
density function used in the calculation for the hot luminescence
from the 2s-like state.
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frequency of the A1g local mode. The spectrum J�
� in our calculation is given by

J�
� = �glocal
local� 1 − �

��W1


 exp�−
�
 − 
local�2

�W1�2 
 +
�

��W2


 exp�−
�
 − 
local�2

�W2�2 

 for 0 � 


0 for 
 
 0.
� �11�

Here, glocal is the dimensionless coupling constant corre-
sponding to the Huang-Rhys factor, W1 and W2 are the en-
ergy widths, and � is the weight of the contribution of the
second component of J�
�. By setting W1 to be larger than
W2, the first component of J�
� contributes to the NWP
damping, while the second component to the long-lasting
NWP oscillation.

The values of the above-described parameters are deter-
mined as follows. The electronic excitation energy � is as-
sumed to be the same as the incident photon energy �1 of
1.823 eV because of the near resonant excitation condition;
this is equivalent to omitting the second term in the integrand
of Eq. �2�. The lattice relaxation energy ELR is given by the
electronic excitation energy and the peak of the shape func-
tion of the emission band, E2s=�−2ELR��1−2ELR. By us-
ing E2s=0.804 eV,35 ELR is calculated to be 0.510 eV. The
coupling constant glocal is given by glocal=ELR/
local=44. The
initial spectral width of the hot luminescence D0 reflects the
spectral width of the excitation pulse, D0

�8 ln 2 �FWHM�
=26.8 meV, where D0=11.4 meV. When D0, glocal, and 
local
are determined, the final spectral width D	 is uniquely de-
rived through Eq. �10� to be 77 meV because D is given by
D2=�−	

	 d
J�
�=glocal
local.
2 The narrower width of the

spectral density function W2 is assumed to be the spectral
width of the A1g-mode peak, 0.074 meV, in the resonance
Raman spectrum.37 The broader width W1 is chosen to be
2.3 meV to reproduce the NWP damping. The 1.1 eV trace
hardly shows the oscillatory wave form after several picosec-
onds, while the oscillation still lasts at 0.9 eV. In order to
reproduce this feature, the parameter � is chosen to be 0.023.
The value of �glocal ��1� corresponds to the number of the
vibrational sublevels related to the long-lived NWP. This
means that the long-lived NWP is formed by the superposi-
tion of n=0 and 1 vibrational sublevels.

These parameters are listed in Table I. The obtained J�
�,
�̃�t�, and D̃�t� are plotted in Figs. 5�b�, 6�a�, and 6�b�, respec-
tively.

The lifetime of the 2s-like excited state is determined by
the radiative decay of 2.22 �s.15 Since this value is much
larger than the time range of 5 ps we are interested in, the
radiative decay is ignored in the calculation.

B. Transient spectrum from the 2p-like state

The transient hot luminescence spectrum reflecting the
NWP dynamics on the 2p-like APES, fe��2 ,�1 ; t�, is phe-
nomenologically described below. We assume that the vibra-
tional excited states in the 2p-like state lose the coherence
very quickly and obey the Boltzmann distribution. The va-

lidity of this assumption is described in Sec. IV.
The cooling of the Boltzmann distribution is reflected in

the temporal evolution of the luminescence. The transient hot
luminescence spectrum fe��2 ,�1 ; t� is expressed as

fe��2,�1;t� �� �

�kBT*�t�
exp�−

��2 − E2p�2

4�kBT*�t� 
 , �12�

where E2p is the peak energy of the 2p-like emission, � is the
constant with a dimension of energy corresponding to the
lattice relaxation energy, and kB is the Boltzmann constant.
Here, the effective temperature T*�t� is introduced to include
the effect of zero-point vibration correctly. The effective
temperature T*�t� is given by

kBT*�t� =
1

2

̄ coth�1

2


̄

kBT�t�
 , �13�

where 
̄ is the representative energy of the interaction modes
for the 2p-like state and T�t� is the temperature of the rel-
evant system which we assume to be

T�t� = T	 + �T0 − T	�exp�− t/�� . �14�

Here, T0 and T	 are the initial and final temperatures, respec-
tively, and � is the time constant of the cooling.

The values of these parameters are determined as follows.
The peak energy of the 2p-like emission E2p is supposed to

TABLE I. Values of parameters in the model calculation of the
time-resolved spectrum in the 2s-like state Fe��2 ,�1 ; t�. � is the
electronic excitation energy. ELR is the lattice relaxation energy. D0

and D	 are the initial and final spectral widths of hot luminescence.

local is the energy of the A1g local mode. glocal is the dimensionless
coupling constant. W1 and W2 are the energy widths of the first and
second Gaussian components. � is the weight of the second com-
ponent. In the second column, the notation “Fixed �Free�” means
that the parameter is fixed �freely chosen� in the calculation.

Parameters Fixed/Free Values

� �eV� Fixed 1.823

ELR �eV� Fixed 0.510

D0 �meV� Fixed 11.4

D	 �meV� Fixed 77


local �meV� Fixed 11.5

glocal Fixed 44

W1 �meV� Free 2.3

W2 �meV� Fixed 0.074

� Free 0.023

NUCLEAR WAVE-PACKET DYNAMICS ON NEARLY… PHYSICAL REVIEW B 76, 115122 �2007�

115122-5



be the same as that of the 2s-like emission E2s because the
difference between E2s and E2p is 41.17 meV,12 which is
smaller than the energy resolution of our experimental sys-
tem. The constant � is given by �= ��1−E2p� /2=0.510 eV.
The final temperature T	 is assumed to be the bulk tempera-
ture of the sample, 10 K. After 4 ps, the width of the ob-
served luminescence spectrum hardly varies, indicating that
the system becomes cooled to the bulk temperature by that
time. Namely, the temperature T�t� approaches the final tem-
perature T	 for t�4 ps. We assume that the instantaneous
luminescence from the 2s-like state is much weaker than that
from the 2p-like state �described later�, so that the observed
spectral width after 4 ps is reproduced by adjusting the final
spectral width ��8 ln 2�2�kBT*�	� �FWHM�. Then the en-
ergy 
̄ is chosen to be 7.5 meV. Considering the above as-

sumption, the spectral width at the time origin is also repro-
duced by adjusting the initial spectral width. The initial
temperature T0 is chosen to be 2.1�102 K. The time con-
stant � is determined to be 1.5 ps by fitting the overall traces
of the 0.8 and 0.9 eV luminescences. These parameters are
listed in Table II. The time dependence of the spectral width
�2�kBT*�t� is plotted in Fig. 6�c�.

Since the radiative decay time of the 2p-like excited state
is expected to be about 2.7�10−8 s,53 the exponential decay
can be ignored in the calculation. We also ignore the nonra-
diative decay to the lower 2s-like state.

C. Total spectrum

The total transient luminescence spectrum Fe
tot��2 ,�1 ; t�

is given by the linear combination of Fe��2 ,�1 ; t� and
fe��2 ,�1 ; t�. The latter function is multiplied by 83 as the
weighting factor due to the ratio of the oscillator strengths
between the 2p-like and 2s-like states.53 The total transient
luminescence spectrum is expressed as

Fe
tot��2,�1;t� � �1 − ��Fe��2,�1;t� + 83�fe��2,�1;t� .

�15�

Here, � is the diabatic transition probability from the 2s-like
state to the 2p-like state during the NWP propagation
through the anticrossing regions. In order to fit the experi-
mental data, � is chosen to be 0.05.

Finally, calculated curves are obtained by convolution of
this spectrum function with the experimental response func-
tion, which has the Gaussian form with the width corre-
sponding to the time resolution of the experimental system of
110 fs.

D. Calculation results

The calculated temporal evolutions of luminescence in-
tensities at 0.8 and 0.9 eV are shown in Fig. 7 together with
the experimental results. The circles represent the experi-
mental data. The luminescence intensities are divided by the
cube of their luminescence photon energies �2.3 The solid,

TABLE II. Values of parameters in the model calculation of the
time-resolved spectrum in the 2p-like state fe��2 ,�1 ; t�. E2p is the
peak energy of the shape function of the 2p-like emission band. � is
the constant. 
̄ is the representative energy of the interaction modes
for the 2p-like state. T0 and T	 are the initial and final temperatures.
� is the time constant of the vibrational relaxation. In the second
column, the notation “Fixed �Free�” means that the parameter is
fixed �freely chosen� in the calculation.

Parameters Fixed/Free Values

E2p �eV� Fixed 0.804

� �eV� Fixed 0.510


̄ �meV� Free 7.5

T0 �K� Free 2.1�102

T	 �K� Fixed 10

� �ps� Free 1.5
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FIG. 6. �a� Time-dependent Franck-Condon energy on the
2s-like APES �̃�t�. �b� Time-dependent spectral width of the hot

luminescence from the 2s-like state D̃�t�. �c� Time-dependent spec-
tral width of the hot luminescence from the 2p-like state
�2�kBT*�t�.
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dashed, and dotted lines show the numerical results of the
total luminescence Fe

tot��2 ,�1 ; t�, the contribution from the
2p-like state 83�fe��2 ,�1 ; t�, and that from the 2s-like state
�1−��Fe��2 ,�1 ; t�, respectively. Here, 83�fe��2 ,�1 ; t� and
�1−��Fe��2 ,�1 ; t� are convoluted with the instrumental
function in the same manner as Fe

tot��2 ,�1 ; t�. In Fig. 7�a�,
the calculation reproduces the important features of the
0.9 eV trace: the fast rising around the time origin, the
gradual rise until �1 ps, the following decay, and the long-
lasting oscillatory component with the low but constant vis-
ibility. In Fig. 7�b�, the calculated result at 0.8 eV exhibits
the kink around 0.1 ps and the following gradual increase.

The above-described features are explained below. The
NWP, which adiabatically propagates to the 2s-like state
with the low oscillator strength, consists of the gap-mode-
like A1g local mode and oscillates over the detected time
range. In contrast, the NWP transferred to the 2p-like state
quickly turns to be an incoherent vibrational population due
to the very fast dephasing process and experiences the cool-
ing due to another slower dephasing mechanism. �Details are
described in Sec. IV.�

The time evolutions in the early time region especially
within 1 ps cannot be correctly reproduced because we as-
sume the spectral density function in the 2s-like state J�
� to
have only one mode �Eq. �11��. In the case that J�
� has
several peaks, the motion of the NWP is complex, which
leads to the complicated time evolution of the luminescence
intensity.33

The calculated time-resolved luminescence spectra at 0.1,
1.0, 2.0, and 5.0 ps are shown in Fig. 8 with the experimental
results �circles�. The spectrum at 0.1 ps indicates that the
luminescence structure �nonoscillatory component� already

exists around the peak of the stationary luminescence in the
early stage of the lattice relaxation within the time resolu-
tion. This feature indicates that the incoherent distribution is
generated in the 2p-like state in such an early time. A series
of the transient spectra represents that the spectral shape be-
comes narrow in accordance with the cooling process on the
2p-like APES.

IV. DISCUSSION

The experimental results indicate the following two re-
markable features: �1� There is a fast-rising broad structure
with large intensity around the emission peak, 0.8 eV �Figs.
7 and 8�. As time goes on, the spectral width of this structure
becomes narrow, but the peak position does not move �Fig.
8�. �2� Besides this large nonoscillatory component, the os-
cillation signal is seen in the temporal evolution of the lumi-
nescence intensity �Fig. 3�. As described in Sec. II B, the
oscillatory and nonoscillatory components originate from
different luminescent states. These features suggest that the
incoherent population is generated at a very early time on the
APES which is different from the APES where the NWP
oscillates, and also suggest that the incoherent population
contributes to the large luminescence intensity. This is ex-
plained by the following NWP dynamics.

First, we consider the vibrational modes excited in ab-
sorption. Since the F center belongs to the cubic symmetry
Oh, the A1g, E1g, and T2g modes are allowed when the
trapped electron is optically excited from 1s to 2p state.
�When the spin-orbit interaction is taken into account, the
coupling to the T1g mode is involved.� These modes include
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FIG. 7. �Color online� Time evolutions of luminescence intensi-
ties at 0.8 and 0.9 eV. The circles represent the experimental data.
The luminescence intensities are divided by the cube of their lumi-
nescence photon energies �2

3. The solid, dashed, and dotted lines
are the results of calculation of the total luminescence intensity
Fe

tot��2 ,�1 ; t�, the luminescence from the 2p-like APES
83�fe��2 ,�1 ; t� �nonoscillatory component�, and that from the
2s-like APES �1−��Fe��2 ,�1 ; t� �oscillatory component�, respec-
tively. The intensities of the calculated curves are adjusted to over-
lap the experimental results for a convenient comparison.
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local modes as well as bulk phonon modes; the former
means the lattice vibrations of six alkali ions around the
vacancy, and the latter means the vibrations which spheri-
cally propagate from the F center. Under the experimental
condition that the polarization of the excitation pulse is par-
allel to �100� crystal axis, the A1g and E1g modes are excited.

After being created in the FCS by optical absorption, the
NWP slides down to the potential minimum. When the NWP
passes through the anticrossing region on the lower APES
�Fig. 1�c��, a large part adiabatically propagates on the lower
APES �solid arrow�, while a small fraction diabatically trans-
fers to the upper APES �dashed arrow�. Since the coupling of
the trapped electron to the lattice vibrations depends on the
electronic wave function, each NWP propagates along re-
spective interaction modes and experiences the different vi-
brational relaxation process.

The 2s-like APES has almost the 2s nature around the
potential minimum; the fraction of the 2p component is
about 1 /83.53 Because the 2s wave function is compact and
isotropic, the 2s electron couples strongly to the totally sym-
metric local mode, i.e., the A1g local mode. This is reflected
in the Fourier power spectrum in Fig. 5�a�, which has a large
contribution of the A1g local mode. Therefore, the NWP on
the 2s-like APES propagates along the interaction mode
composed mainly of the A1g local mode.

According to Ref. 38, in a KI crystal at 95 K, the upper
limit frequency of the acoustic phonon branch is 2.06 THz
�LA�L� phonon�, and the lower and upper limit frequencies
of the optical phonon branch are 2.93 THz �TO�L� phonon�
and 4.26 THz �LO��� phonon�, respectively. The DOS spec-
trum shows the wide gap of �0.87 THz between the acous-
tic and the optical phonon branch. Since the frequency of the
A1g local mode lies slightly below the lower limit of the
optical phonon frequencies, the A1g local mode will have a
character of a gap mode. Thus, it is hardly scattered by bulk
phonons, and the oscillation lasts for a long time. In fact, the
resonance Raman scattering spectrum shows a very sharp
A1g-mode peak at 2.89 THz with a width of �0.03 THz;37

the expected lifetime of the A1g-mode oscillation will be ap-
proximately 1/0.03�30 ps.

On the other hand, the 2p-like APES almost has the 2p
nature. Theoretical works suggest that the 2p wave function
is spread with its maximum at four to five times the alkali-
halogen distance54 or more.55 Therefore, the 2p electron in-
teracts with bulk phonon modes of a wide range in the Bril-
louin zone more strongly than the 2s electron, and the
interaction with the local modes will be ineffective. Conse-
quently, the NWP on the 2p-like APES experiences the re-
laxation along the interaction modes consisting of many bulk
phonon modes with broad structures.

Bulk A1g and E1g modes are involved in both acoustic and
optical phonon branches; that is, there are acoustic A1g, op-
tical A1g, acoustic E1g, and optical E1g modes. One interac-
tion mode will be formed by collecting the bulk phonon
modes with the same symmetry in one phonon branch. Thus,
four interaction modes couple to the 2p-like electron.

The phase relationship within the interaction mode is in-
trinsically lost due to the finite width of the phonon
spectrum8 �we call here the “intrinsic dephasing”�. As the
spectral width of the interaction mode increases, the dephas-

ing occurs faster.56 The total spectral density is a sum of
those of the four interaction modes, i.e., the spectral density
of the total interaction mode, which is effectively wide
enough to induce fast dephasing. Thus, the NWP on the
2p-like APES can be regarded as an incoherent population in
the early stage of the vibrational relaxation �about a few
hundred femtoseconds or less�. Since the probability ampli-
tude corresponding to the incoherent superposition of vibra-
tional wave functions fully extends on the 2p-like APES, the
broad luminescence spectrum appears in the early time re-
gion.

The intrinsic dephasing means the energy dissipation from
the relevant system at the same time. In other words, the bulk
phonons leave from the F center with their respective group
velocities.57 As further intrinsic dephasings within respective
interaction modes proceed, the vibrational population be-
comes concentrated in the lowest level. When probed at a
certain point slightly away from the potential minimum, the
luminescence intensity increases at the beginning and then
decreases. This behavior is reflected in a part of the small
rising within �1 ps and in the subsequent gentle decrease in
the luminescence intensity of the nonoscillatory component
in Fig. 7�a�. The model calculation supports the discussion
above.

Finally, we examine how many times the NWP reaches
the anticrossing regions by tracking the temporal evolution
of the total luminescence intensity. After the transition from
the 2s-like to the 2p-like state, the total luminescence inten-
sity is expected to increase largely since the oscillator
strength of the 2p-like state is 83 times higher than that of
the 2s-like state. Figure 9 shows the temporal evolution of
the sum of the luminescence intensities. The circles represent
the luminescence intensities summed up from 0.7 to 1.3 eV.
In order to obtain the total luminescence intensity, it is nec-
essary to estimate the time-resolved luminescence below
0.7 eV. Because the stationary luminescence spectrum has a
symmetric shape with respect to the emission peak at
�0.8 eV,35,36 the sum intensity above 0.9 eV is substituted
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for the sum intensity below 0.7 eV. The expected time evo-
lutions below 0.7 eV will have the antiphase oscillation com-
pared to those above 0.9 eV, so that we use its mean value
�solid line�. The obtained total intensity is shown as the
dashed line, which indicates a steep rising within the time
resolution of 110 fs and a slight increase until �1 ps, fol-
lowed by a virtual plateau. This implies that most of the
diabatic transition from the lower APES to the upper takes
place within 110 fs �within the first swing of the NWP�. The
slight increase until about 1 ps is ascribed to a transition via
the tail of the NWP, which can reach the anticrossing re-
gions.

V. CONCLUSION

In this work, we studied the nuclear wave-packet dynam-
ics in the excited state of KI F centers. The experimental
results show that the temporal evolution of the luminescence
intensity involves the oscillatory and the nonoscillatory com-
ponent. The results indicate that the nuclear wave packet
partly experiences diabatic transitions around the anticross-
ing regions in the nearly degenerate 2s and 2p states.

The oscillatory part reflects the coupling of the 2s electron
to the lattice vibration around the F center. The oscillation of

the nuclear wave packet consists mainly of the local breath-
ing mode, the A1g local mode. The A1g local mode will have
a character of a gap mode, so that the oscillation lasts over
the detected time range of 5 ps.

The nonoscillatory part reflects the coupling of the lattice
vibration with the 2p electron. The 2p electron, which is
rather spread, interacts with the bulk phonon modes more
strongly than the 2s electron. Because of a wide frequency
range of the normal modes interacting with the 2p electron,
the nuclear wave packet in the 2p-like state immediately
becomes the incoherent vibrational population.

The diabatic transition of the nuclear wave packet would
be almost completed in the first swing of its oscillation. A
quantitative discussion is made by performing the model cal-
culation based on the resonant secondary radiation theory
involving the two excited states. The calculation suggests
that the transition probability is approximately 0.05.
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