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Observation of the wave-packet oscillation during the exciton self-trapping process
in a quasi-one-dimensional halogen-bridged Pt complex
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Using femtosecond time-resolved luminescence spectroscopy, we have observed a wave-packet oscillation
in an adiabatic potential well associated with a self-trapped exdi®FE). We have investigated the
STE luminescence band of a quasi-one-dimensional halogen-bridged platinum  complex
[Pt(en),][ Pten,Br,](ClO,),. In the time evolution of the luminescence, we have observed an oscillation with
a period of about 300 fs. This result shows the formation of a wave packet and its oscillation, which is damped
with the time constant of about 430 fs. The STE’'s have a lifetime of about 5.5 ps at room temperature.
[S0163-182699)06135-4

Recent advancement in ultrashort-pulse-laser spectroshe midpoint of Pt ions By the optical excitation above the
copy has made it possible to observe physical phenomergbsorption edge, we can make a charge-tran§@)j exci-
with a time resolution comparable with the typical periods ofton, i.e., a pair of Pf" ions, on the 1D chain. As it is be-
molecular vibrations or optical phonons in crystals. Manylieved that there is no potential barrier in self-trapping of
important aspects of the chemical reaction dynamics and thexcitons in 1D systents! the photoexcited free excitons are
lattice rearrangement process in solids have been revealed bypected to relax immediately to localized self-trapped
the real time observation of the motion of the oscillating states. The self-trapped excit@®TE) luminescence of the Pt
atoms or iong:? It is well expressed by the oscillation of a complexes generally shows hot luminescence from vibra-
wave packet in the adiabatic potential well. Taking advan-ionally excited states in the high- and low-energy tails of the
tage of the broad spectral width of femtosecond pulses, wiiminescence barftf! The present authors recently showed
can excite several vibrational levels at a time by one opticathat the vibrational relaxation of hot STE's occurs with the
pulse. The coherent superposition of wave functions of théime constant of about 500 fs in one of the Pt
excited levels results in the formation of a wave packet. Theeomplexes, [ Pt(en), ][ Pt(en),Cl,](ClO,), (X~ =CI™, en
most familiar example is molecular vibrations in small mol- =ethylenediamine, hereafter we abbreviate as )PtGIng
ecules. In those simple systems, the dynamics of wave packemtosecond time-resolved luminescence spectrostbfy.
ets, i.e., the formation, the loss of coherence, and the relawe excite the free excitons by the optical pulse, whose dura-
tionship to the reaction dynamics, has been extensivelyion is shorter than the vibration period, and the excitons
examined, and some groups have made attempts to artifipreserve coherence during the immediate self-trapping pro-
cially control the time evolution of wave packets aiming atcess, we can expect the formation of a wave packet and its
the control or selection of the chemical reaction ﬁalnm.the oscillation, which can be observed as an oscillation in lumi-
same way, we can expect the observation of wave packets imescence intensity.
the local lattice rearrangement process in crystals. Tokizaki In this paper, we present the observation of the wave-
et al. observed oscillatory behavior in transient absorptionpacket oscillation in the STE potential well by time-resolved
signals in NaCl, which is attributed to the oscillation of a luminescence measurement. We have investigated the time
wave packet in the adiabatic potential well of the localizedevolution of the STE luminescence from another compound
exciton staté.Nisoli et al. observed an oscillation of a wave of the Pt complex, [Ptien),][Pten,Br,](ClO,), (X~
packet in F center in KBr by their pump-and-probe =Br~, hereafter we abbreviate as PtBwWe have observed
experimenf From the analogy of molecules, we can con-an oscillation with a period of about 300 fs and its fast dis-
sider the real time observation of oscillating atoms or ions imappearance. From the results, we will discuss the ultrafast
crystals to be very important for the study of the control ofrelaxation dynamics of the photoexcited state in the 1D sys-
photoinduced structural changes of crystals. tem. It includes the localization of free excitons, the damped

The crystals of halogen-bridged mixed-valence platinumoscillation of a phonon wave packet in the adiabatic potential
complexes consist of one-dimensioriaD) chains of alter- well, and the annihilation of STE'’s.
nating platinum and halogen ions. They are well described as The time evolution of luminescence has been investigated
the sequence--—Pf P—X —Pt*P—X"—---, where p at room temperature using the frequency up-conversion tech-
(0=p=1) represents charge disproportion on Pt ions. Thenique. The single crystals of PtBr are prepared by the proce-
halogen ionsX~ are located closer to t* than to Pt~ *. dure described in Ref. 11. The samples are excited by optical
This structure is understood as a charge-density wavpulses from a mode-locked Ti:sapphire laser with a repeti-
(CDW) realized by the displacement of halogen ions fromtion rate of 90 MHz. The excitation light is polarized parallel
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to the chain axis of the crystal. The photon energy 1.6 eV
corresponds to the low-energy edge of the CT exciton ab- C
sorption band. The average excitation power is 1.5 mW. 10"
When the crystal is excited above the absorption edge, the F
STE luminescence band appears around 0.8 &kfe lumi-
nescence from the sample is collected by off-axis paraboloi-
dal mirrors and is mixed with variably delayed laser pulses
in a nonlinear optical crystal of Lil®(thickness 0.5 mm

The sum frequency signal is focused into a 50-cm double
monochromator and is detected by a photomultiplier tube
with a photon counter. The overall time resolution of the
system is about 90 fs, which is determined by the full width
at half maximum of a cross-correlation trace of the scattered
excitation light and the delayed laser pulses.

Compared with the PtCl compound, the choice of the PtBr
compound has three experimental advantages. First, we can
use fundamental frequency pulses from a Ti:sapphire laser as
an excitation light source. The energy of the CT absorption 0.8 eV
band in PtBr is much lower than that in PtCWe do not
need second-harmonic pulses whose duration is generally 10°
rather longer than that of the fundamental ones. Thus, the L
time resolution in the present experimeatout 90 f$ is 0 5 10 15 20 25
much better than that of the previously reported second-
harmonic excitation experiment in PtChbout 180 f&'°
Second, as the excitation photon ene(d)6 e\) just corre-

band of PtBr, we can make free excitons with very smallroom temperature. The displayed energies show the observed emis-

kinetic energy. In the experiment in Pt@l,the excitation sion photon energy. The intensity is plotted in the logarithmic scale.

photon energy3.2 eV) was in the high-energy side of the
CT exciton absorption band. So, the time for the intrabands considerably longer than 1.4 ps. The species observed in
energy relaxation of excitons was needed. In PtBr, howevetransient absorption is considered to be different from the
we can expect the self-trapping of excitons with negligibleluminescent STE's observed in our present experiment. As
delay. It might lead to the preservation of coherence duringan be seen in the 1.2-eV curve, the additional fast decay
the self-trapping process of excitons. Third, as a Br ion iscomponent, which decays within 2 ps, appears in the high-
rather heavier than a Cl ion, we can expect a lower frequencgnergy tail of the luminescence band. The existence of the
of the STE potential well in PtBr than in PtCl. As will be fast decay component in the tail of the luminescence band is
described in detail afterwards, it is known that the latticea common feature to the Pt complex84t has been attrib-
relaxation in Pt complexes is primarily due to the displace-uted to hot luminescence from vibrationally excited STE’s.
ment of halogen ions in the linear chdif? The low fre-  In our experiment, a distinct oscillation is observed in that
guency increases the possibility of the experimental observazomponent.
tion of a wave packet oscillation. The time evolution of luminescence around its onset is
Figure 1 shows the time dependence of luminescence irshown in Fig. 2 by dots. The energies displayed in the figure
tensity in PtBr measured around the peak end@® e\)  show the emission photon energy. The overall behavior, i.e.
and in the high-energy side of the luminescence band. Tha relatively fast rise and decay at the high-energy tail of the
time dependence of luminescence is well expressed by singlaminescence band and a slow rise around the peak energy,
exponential decay. All the measurements from 0.8 to 1.2 e\is very similar to that in PtCI° The most striking feature of
have given the lifetime of 551 ps. This lifetime is much the data in Fig. 2 is the oscillation in intensity. It has a period
shorter than that in PtCl, which is about 30 ps at roomof about 300 fs. At 1.4 eV, the first peak is followed by the
temperaturé® This shows that the STE’s are less stable invery weak second peak. The second peak increases its inten-
PtBr than in PtCl. The intensity of stationary luminescencesity with decrease of the detection photon energy. It has al-
from Pt complexes is known to become weaker with de-most the same intensity as the first peak at 1.1 eV. In the
crease of the CT gap ener§{Thus it is speculated that the same way, the third peak appears and increases its intensity
nonradiative decay of STE's, a conversion into soliton orwith decrease of the photon energy. Although the strongest
polaron pairs, for instance, becomes more effective as thpeak at 1.0 eV is the second one, the third or the fourth peak
relaxation path of the photoexcited state with decreasing Cbecomes the strongest one at 0.9 eV. At this energy, the
gap energy. The luminescence lifetime obtained here is corpscillation can be seen for at least five periods. The oscilla-
sidered to reflect the rate of the nonradiative decay. In théion, however, abruptly disappears at 0.8 eV, which is close
transient absorption measurement in PtBr, a decay compde the STE luminescence peak energy. At this energy, only
nent with a lifetime of 1.4 ps has been obser¥&dhis com-  one peak is observed. At 0.7 eV, the oscillation appears
ponent has been assigned to the annihilation of STE’s. Howagain and lasts for at least three periods. Below 1.2 eV, the
ever, the luminescence lifetime observed in our measuremenscillation is followed by the slow decay of the lumines-
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(b) Adiabatic potential-energy curves in the configuration space.
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Y ] which corresponds to the above-mentioned displacement of
e b b bt bromine ions relative to platinum ions. Heg, is the con-
[ 0.8eV o ] figuration of the CDW ground state. The new equilibrium
i position is the bottom of the STE potential well.
The STEs just after the localization are in the excited

b ml» S vibrational levels in the STE state. The complicated behavior
Y A Attt ] of STE luminescence within 2 ps can be well explained by
I ; ) © ] the vibrational relaxation on the STE potential curve, which
b ] is expressed by the damped oscillation of a wave packet. We
0.0 1.0 2.0 assume the following Gaussian-shaped wave packet attime
Time (ps)
t)—0)2
FIG. 2. Time evolution of luminescence around the onset. Dots |(t,Q)1?= o ex;{ - {W} : (1)

are experimental data. Solid curves show the results of the calcula-

tion based on Eq4). Intensities are normalized and shown in the where Q.(t) andw are the spatial center and extent of the

linear S.C""Ie' The zero time delay for each phqton energy h.as beiﬂave packet. A simple damped oscillation is assumed,
determined by comparing the solid curves with the experimenta
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cence, which is described in the preceding paragraph. The
intensity of the slow decay component relative to the first ) o
oscillation peak intensity steadily increases from 1.2 to 0.8The timet=0 represents the time of the beginning of the
eV. At 0.7 eV, however, the relative intensity becomesoscillation. The time development of the system during the
smaller than that at 0.8 eV. transition from a Bloch state exciton to the self-localized
As the excitation photon energy in this experiméhts exciton is not clear. So we leave the process to be a pend_ing
eV) corresponds to the low-energy edge of the CT excitorProblem and assume the system to start the damped oscilla-
absorption band, the excitation pulse generates free excitondon of the wave packet in the STE potential well with a
i.e., 1D Bloch state excitons, which have very small kineticcertain initial position and velocity for simplicity. If the
energy. Thus, the state of the system is well described by thground and excited states are expressed by two displaced
exciton wave function with a small wave number. Such freeharmonic potential curves of the same frequency shown in
excitons are expected to relax immediately to localized selfFig. 3(b), the luminescence energy has a linear relationship
trapped states because there is no potential barrier betwe®fith the atomic displacemei@ as follows,
the free and self-trapped states in an ideal 1D crystdlhe
dynamics of excitons after the localization can be well ex- E=E;—aQ. (©)]
plained using figures in Fig. 3. In Fig.(&, the STE on a
PtBr chain is depicted. It is a localized pair of Piions. The  E; is the photon energy at the luminescence peak, sl
lattice relaxation in PtBr is primarily due to the displacementan electron-lattice coupling constant. If we assume that the
of bromine ions in the linear chaint? As for the bromine instantaneous luminescence intensity at a given photon en-
ion between the two Pt ions, it will move toward the cen- ergyE is proportional to the probability density at the corre-
tral position of the two platinum ions and find a new equi- sponding transition positio®, we can express the lumines-
librium position. In Fig. 3b), the adiabatic potential-energy cence intensity at timéas follows,
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experiment because half the perig® f9) is shorter than our
(a) @ ), experimental time resolutiof®0 fs). At this energy, only one
4 [ Time (ps) peak is observed at the very early time. It is not reproduced
) in the calculation. At 0.7 eV in the low-energy side of the
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ger than the calculated one.

Except for a few deviations, the calculated curves have
reproduced some important features of the experimental data
in spite of its simpleness. This shows that the vibrational
relaxation is well expressed by the damped oscillation of the
wave packet in the adiabatic potential well. It is known from
theoretical investigations that the transient optical response
of localized centers is well described by the damped oscilla-
tion of the phonon wave pack&t!® The local vibration

FIG. 4. (a) Time development of the central position of the Mode associated with a localized center is believed to be an
wave packet,Q.(t), assumed in the calculatiofb) Gaussian- interaction mode consisting of the linear superposition of
shaped wave packet assumed in the calculation. The scale @ the bulk phonon modes that are extending over the whole crys-
axis is exactly the same as that in Fig. 3. tal. If the frequency of the relevant bulk phonon mode has a

broad spectral width, the oscillation in the interaction mode
2 t will be damped due to the dephasing among the phonon
exp( —?TE)- (4) modes. The vibrational energy is dissipated to the whole
crystal through the bulk modes. Thus, the dephasing of the
The population of STE’s is assumed to decrease with thgscillat?on and the energy relaxa'ltion shou.ld proceed in the
time constantsre (=5.5 p3. We considered the oscillation Same time scale._At Q.9 eV, the rise of Iummescence and the
of the wave packet which is depicted in Figa$ assuming d_ecay of the oscnl_atl_on have pro_ceeded in almost the same
the initial oscillation phas# to be #/2. The damping time fime scale and within several vibration periods. This fact
constantry and the oscillation period are assumed to be shows that the vibrational relaxation in this case is well un-
430 fs and 290 fs, respectively. By considering the wavederstood by considering the STE mode to be the interaction
packet, which has a spatial extent shown in Figh)Awe  mode, which has a broad spectral width. In PtBr, the sym-
have calculated the time dependence of luminescence at varietric stretching vibration mode of bromine ions around
ous photon energies. The results are shown in Fig. 2 by soli@*? along the chain in the CDW ground state is known,
curves. They are obtained by the convolution of Bj.with ~ from Raman-scattering measurement, to have the frequency
the experimental response function. of 166 cm ! at the center of the Brillouin zor€.The fre-

At 1.4 and 1.3 eV, the second peak is very weak, comquency of the STE mode observed in our luminescence spec-
pared with the first peak. This shows the returning wavetroscopy(about 100 cm?) is considerably lower than that.
packet cannot get back to the position for these transitiofn far-infrared spectra of PtBr, however, several vibration
energies. The energy 1.3 eV corresponds to the transition aodes are observed around 100 ¢nf® They might have
position A shown in Figs. 3 and 4. At 1.2 and 1.1 eV, the made a significant contribution to the frequency spectrum of
relative intensity of each peak is reproduced by the calculathe STE mode.
tion, although the oscillation amplitude in the experimental At 1.2 and 1.1 eV, the oscillation amplitude in the experi-
data is smaller than that in the calculated curves. At 1.0 eVinent has been smaller than that in the calculation. In addi-
the second peak becomes the strongest one. This means tiwn, the observed one oscillation peak at 0.8 eV is not re-
center of the wave packet has a turning point around th@roduced in the calculation. Although we assumed the spatial
position for this transition energy. Positi@in Figs. 3and 4 extent of the wave packet to be constant, these discrepancies
corresponds to the transition energy of 1.0 eV. As 0.9 eV ishow that the behavior of the wave packet is more compli-
close to the luminescence energy from the bottom of the STEated. As can be seen in Fig. 2, at 0.7 eV, the intensity of the
potential well, the intensity of the oscillation peak showsfirst and second oscillation peaks relative to the slow decay
steady increase because of the damped oscillation of theomponent is strong compared with the calculated one. The
wave packet. The rise time of the nonoscillating componenstationary luminescence spectrum in PtBr is known to show
of the luminescence and the lifetime of oscillation at 0.9 eVasymmetry, and the intensity in the low energy side of the
are close to each other. At 0.8 eV, the disappearance of tHeand is relatively weak® This shows that the relevant po-
oscillation is reproduced by the calculation. The disappeartential curves deviate from the ideal harmonic ones, which
ance of the oscillation around the peak energy can be corirave been drawn in Fig. 3. This deviation might have caused
sidered as follows. As the period of the wave-packet oscillathe weak relative intensity of the slow decay component at
tion is about 300 fs, the wave packet passes the STB.7 eV, i.e., the strong relative intensity of the first and sec-
potential minimum(positionC in Figs. 3 and #every 150 fs. ond oscillation peaks at this energy. The anharmonicity of
Thus, the period of the oscillation in luminescence observethe potential curves should also be included in the model, if
at 0.8 eV should be 150 fs. This oscillation is hidden in ourwe want to construct a more realistic one.
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As shown in Fig. 4, we have assumed the generation of &uminescence spectroscopy is that, in the present case of the
wave packet at=0 at the potential minimum. Before start- D system, the change of the state of excitions during the
ing the wave-packet oscillation, the system should experiself-localization process, by itself, does not lead to the de-
ence a transition process from a free exciton state to a locastruction of the phase coherence of the established local vi-
ized exciton state. This is a different point of our study fromprational states. We believe the detail of the transition pro-
the spectroscopy of molecules that has used the Franckess is a very interesting problem for the future.

Condon transition between the relevant potential curves for |n conclusion. we observed the femtosecond time-
optical excitation Before the transition process of exciton, resolved Iumines,cence from a quasi-1D Pt complex, PtBr
the state of the system is well defined by the wave nurkber 5 gycceeded in the observation of the wave-packet oscilla-

&ion with the period of about 300 fs. This experiment dem-

the intraband energy relaxation. During the transition, theonstrates the availability of time-resolved luminescence

exciton wave function shrinks, and after the transition, thespectroscopy as the method of the observation of a wave

state of the system is described by the real-space wave fung: K b . he time d d £ lumi
tion of atoms surrounding the localized exciton shown inPac et. By observing the time dependence of luminescence

Fig. 3. If we want to treat the relationship between theOVer @ wide emission energy range, we have been able to

change in the spatial extent of the exciton wave function andrace the position of the wave packet in the configuration

the time development of the atomic wave function, we havePace in real time. The experiment and calculation have
to treat the electron-lattice interaction in a strict way. TheShown that the vibrational relaxation in the STE is well ex-

transition process should have significant influence on th@ressed by the damped oscillation of a wave packet. It oscil-
wave-packet dynamics especially during the first 1/4 oscillalates for about five periods around the STE potential mini-
tion. This process is, however, very complicated and leffnum. The STE's nonradiatively annihilate with the lifetime
unsolved in this study. What we can assert here from oupf about 5.5 ps.
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