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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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Institute for Solid State Physics, University of Tokyo, Kashiwa-shi, Chiba 277-8581, Japan

K. Sakata, J. Takeda, and S. Kurita
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~Received 1 June 1999!

Using femtosecond time-resolved luminescence spectroscopy, we have observed a wave-packet oscillation
in an adiabatic potential well associated with a self-trapped exciton~STE!. We have investigated the
STE luminescence band of a quasi-one-dimensional halogen-bridged platinum complex
@Pt~en!2#@Pt~en!2Br2#(ClO4)4 . 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.
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Recent advancement in ultrashort-pulse-laser spec
copy has made it possible to observe physical phenom
with a time resolution comparable with the typical periods
molecular vibrations or optical phonons in crystals. Ma
important aspects of the chemical reaction dynamics and
lattice rearrangement process in solids have been reveale
the real time observation of the motion of the oscillati
atoms or ions.1,2 It is well expressed by the oscillation of
wave packet in the adiabatic potential well. Taking adva
tage of the broad spectral width of femtosecond pulses,
can excite several vibrational levels at a time by one opt
pulse. The coherent superposition of wave functions of
excited levels results in the formation of a wave packet. T
most familiar example is molecular vibrations in small mo
ecules. In those simple systems, the dynamics of wave p
ets, i.e., the formation, the loss of coherence, and the r
tionship to the reaction dynamics, has been extensiv
examined,1 and some groups have made attempts to ar
cially control the time evolution of wave packets aiming
the control or selection of the chemical reaction path.3 In the
same way, we can expect the observation of wave packe
the local lattice rearrangement process in crystals. Tokiz
et al. observed oscillatory behavior in transient absorpt
signals in NaCl, which is attributed to the oscillation of
wave packet in the adiabatic potential well of the localiz
exciton state.4 Nisoli et al. observed an oscillation of a wav
packet in F center in KBr by their pump-and-prob
experiment.5 From the analogy of molecules, we can co
sider the real time observation of oscillating atoms or ions
crystals to be very important for the study of the control
photoinduced structural changes of crystals.

The crystals of halogen-bridged mixed-valence platin
complexes consist of one-dimensional~1D! chains of alter-
nating platinum and halogen ions. They are well describe
the sequencē 2Pt32r2X22Pt31r2X22¯, where r
(0<r<1) represents charge disproportion on Pt ions. T
halogen ionsX2 are located closer to Pt31r than to Pt32r.
This structure is understood as a charge-density w
~CDW! realized by the displacement of halogen ions fro
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the midpoint of Pt ions6. By the optical excitation above th
absorption edge, we can make a charge-transfer~CT! exci-
ton, i.e., a pair of Pt31 ions, on the 1D chain. As it is be
lieved that there is no potential barrier in self-trapping
excitons in 1D systems,2,7 the photoexcited free excitons ar
expected to relax immediately to localized self-trapp
states. The self-trapped exciton~STE! luminescence of the P
complexes generally shows hot luminescence from vib
tionally excited states in the high- and low-energy tails of t
luminescence band.8,9 The present authors recently show
that the vibrational relaxation of hot STE’s occurs with t
time constant of about 500 fs in one of the
complexes, @Pt~en!2#@Pt~en!2Cl2#(ClO4)4 (X25Cl2, en
5ethylenediamine, hereafter we abbreviate as PtCl! using
femtosecond time-resolved luminescence spectroscopy.10 If
we excite the free excitons by the optical pulse, whose du
tion is shorter than the vibration period, and the excito
preserve coherence during the immediate self-trapping
cess, we can expect the formation of a wave packet and
oscillation, which can be observed as an oscillation in lum
nescence intensity.

In this paper, we present the observation of the wa
packet oscillation in the STE potential well by time-resolv
luminescence measurement. We have investigated the
evolution of the STE luminescence from another compou
of the Pt complex, @Pt~en!2#@Pt~en!2Br2#(ClO4)4 (X2

5Br2, hereafter we abbreviate as PtBr!. We have observed
an oscillation with a period of about 300 fs and its fast d
appearance. From the results, we will discuss the ultra
relaxation dynamics of the photoexcited state in the 1D s
tem. It includes the localization of free excitons, the damp
oscillation of a phonon wave packet in the adiabatic poten
well, and the annihilation of STE’s.

The time evolution of luminescence has been investiga
at room temperature using the frequency up-conversion te
nique. The single crystals of PtBr are prepared by the pro
dure described in Ref. 11. The samples are excited by op
pulses from a mode-locked Ti:sapphire laser with a rep
tion rate of 90 MHz. The excitation light is polarized parall
7961 ©1999 The American Physical Society
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to the chain axis of the crystal. The photon energy 1.6
corresponds to the low-energy edge of the CT exciton
sorption band.6 The average excitation power is 1.5 mW
When the crystal is excited above the absorption edge,
STE luminescence band appears around 0.8 eV.6 The lumi-
nescence from the sample is collected by off-axis parabo
dal mirrors and is mixed with variably delayed laser puls
in a nonlinear optical crystal of LiIO3 ~thickness 0.5 mm!.
The sum frequency signal is focused into a 50-cm dou
monochromator and is detected by a photomultiplier tu
with a photon counter. The overall time resolution of t
system is about 90 fs, which is determined by the full wid
at half maximum of a cross-correlation trace of the scatte
excitation light and the delayed laser pulses.

Compared with the PtCl compound, the choice of the P
compound has three experimental advantages. First, we
use fundamental frequency pulses from a Ti:sapphire lase
an excitation light source. The energy of the CT absorpt
band in PtBr is much lower than that in PtCl.6 We do not
need second-harmonic pulses whose duration is gene
rather longer than that of the fundamental ones. Thus,
time resolution in the present experiment~about 90 fs! is
much better than that of the previously reported seco
harmonic excitation experiment in PtCl~about 180 fs!.10

Second, as the excitation photon energy~1.6 eV! just corre-
sponds to the low-energy edge of the CT exciton absorp
band of PtBr, we can make free excitons with very sm
kinetic energy. In the experiment in PtCl,10 the excitation
photon energy~3.2 eV! was in the high-energy side of th
CT exciton absorption band. So, the time for the intraba
energy relaxation of excitons was needed. In PtBr, howe
we can expect the self-trapping of excitons with negligib
delay. It might lead to the preservation of coherence dur
the self-trapping process of excitons. Third, as a Br ion
rather heavier than a Cl ion, we can expect a lower freque
of the STE potential well in PtBr than in PtCl. As will b
described in detail afterwards, it is known that the latt
relaxation in Pt complexes is primarily due to the displa
ment of halogen ions in the linear chain.7,12 The low fre-
quency increases the possibility of the experimental obse
tion of a wave packet oscillation.

Figure 1 shows the time dependence of luminescence
tensity in PtBr measured around the peak energy~0.8 eV!
and in the high-energy side of the luminescence band.
time dependence of luminescence is well expressed by si
exponential decay. All the measurements from 0.8 to 1.2
have given the lifetime of 5.561 ps. This lifetime is much
shorter than that in PtCl, which is about 30 ps at roo
temperature.10 This shows that the STE’s are less stable
PtBr than in PtCl. The intensity of stationary luminescen
from Pt complexes is known to become weaker with d
crease of the CT gap energy.13 Thus it is speculated that th
nonradiative decay of STE’s, a conversion into soliton
polaron pairs, for instance, becomes more effective as
relaxation path of the photoexcited state with decreasing
gap energy. The luminescence lifetime obtained here is c
sidered to reflect the rate of the nonradiative decay. In
transient absorption measurement in PtBr, a decay com
nent with a lifetime of 1.4 ps has been observed.14 This com-
ponent has been assigned to the annihilation of STE’s. H
ever, the luminescence lifetime observed in our measurem
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is considerably longer than 1.4 ps. The species observe
transient absorption is considered to be different from
luminescent STE’s observed in our present experiment.
can be seen in the 1.2-eV curve, the additional fast de
component, which decays within 2 ps, appears in the hi
energy tail of the luminescence band. The existence of
fast decay component in the tail of the luminescence ban
a common feature to the Pt complexes.10 It has been attrib-
uted to hot luminescence from vibrationally excited STE
In our experiment, a distinct oscillation is observed in th
component.

The time evolution of luminescence around its onset
shown in Fig. 2 by dots. The energies displayed in the fig
show the emission photon energy. The overall behavior,
a relatively fast rise and decay at the high-energy tail of
luminescence band and a slow rise around the peak ene
is very similar to that in PtCl.10 The most striking feature o
the data in Fig. 2 is the oscillation in intensity. It has a peri
of about 300 fs. At 1.4 eV, the first peak is followed by th
very weak second peak. The second peak increases its in
sity with decrease of the detection photon energy. It has
most the same intensity as the first peak at 1.1 eV. In
same way, the third peak appears and increases its inte
with decrease of the photon energy. Although the strong
peak at 1.0 eV is the second one, the third or the fourth p
becomes the strongest one at 0.9 eV. At this energy,
oscillation can be seen for at least five periods. The osc
tion, however, abruptly disappears at 0.8 eV, which is clo
to the STE luminescence peak energy. At this energy, o
one peak is observed. At 0.7 eV, the oscillation appe
again and lasts for at least three periods. Below 1.2 eV,
oscillation is followed by the slow decay of the lumine

FIG. 1. Time dependence of luminescence in PtBr measure
room temperature. The displayed energies show the observed e
sion photon energy. The intensity is plotted in the logarithmic sc
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PRB 60 7963OBSERVATION OF THE WAVE-PACKET OSCILLATION . . .
cence, which is described in the preceding paragraph.
intensity of the slow decay component relative to the fi
oscillation peak intensity steadily increases from 1.2 to
eV. At 0.7 eV, however, the relative intensity becom
smaller than that at 0.8 eV.

As the excitation photon energy in this experiment~1.6
eV! corresponds to the low-energy edge of the CT exci
absorption band, the excitation pulse generates free exci
i.e., 1D Bloch state excitons, which have very small kine
energy. Thus, the state of the system is well described by
exciton wave function with a small wave number. Such fr
excitons are expected to relax immediately to localized s
trapped states because there is no potential barrier betw
the free and self-trapped states in an ideal 1D crystal.2,7 The
dynamics of excitons after the localization can be well e
plained using figures in Fig. 3. In Fig. 3~a!, the STE on a
PtBr chain is depicted. It is a localized pair of Pt31 ions. The
lattice relaxation in PtBr is primarily due to the displaceme
of bromine ions in the linear chain.7,12 As for the bromine
ion between the two Pt31 ions, it will move toward the cen-
tral position of the two platinum ions and find a new eq
librium position. In Fig. 3~b!, the adiabatic potential-energ

FIG. 2. Time evolution of luminescence around the onset. D
are experimental data. Solid curves show the results of the calc
tion based on Eq.~4!. Intensities are normalized and shown in t
linear scale. The zero time delay for each photon energy has
determined by comparing the solid curves with the experime
data.
he
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curves are depicted. The abscissaQ is the lattice distortion,
which corresponds to the above-mentioned displacemen
bromine ions relative to platinum ions. HereQ0 is the con-
figuration of the CDW ground state. The new equilibriu
position is the bottom of the STE potential well.

The STEs just after the localization are in the excit
vibrational levels in the STE state. The complicated behav
of STE luminescence within 2 ps can be well explained
the vibrational relaxation on the STE potential curve, whi
is expressed by the damped oscillation of a wave packet.
assume the following Gaussian-shaped wave packet at timt,

uc~ t,Q!u25c0 expF2H Qc~ t !2Q

w J 2G , ~1!

whereQc(t) and w are the spatial center and extent of t
wave packet. A simple damped oscillation is assumed,

Qc~ t !5QA expS 2
t

td
D cosS 2p

T
t1u D . ~2!

The time t50 represents the time of the beginning of t
oscillation. The time development of the system during
transition from a Bloch state exciton to the self-localiz
exciton is not clear. So we leave the process to be a pen
problem and assume the system to start the damped os
tion of the wave packet in the STE potential well with
certain initial position and velocity for simplicity. If the
ground and excited states are expressed by two displa
harmonic potential curves of the same frequency shown
Fig. 3~b!, the luminescence energy has a linear relations
with the atomic displacementQ as follows,

E5E12aQ. ~3!

E1 is the photon energy at the luminescence peak, anda is
an electron-lattice coupling constant. If we assume that
instantaneous luminescence intensity at a given photon
ergyE is proportional to the probability density at the corr
sponding transition positionQ, we can express the lumines
cence intensity at timet as follows,

s
la-

en
al

FIG. 3. ~a! Schematic representation of the STE on a PtBr cha
~b! Adiabatic potential-energy curves in the configuration space
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I ~ t,E!5I 0UcS t,
E12E

a D U2

expS 2
t

tSTE
D . ~4!

The population of STE’s is assumed to decrease with
time constanttSTE (55.5 ps!. We considered the oscillatio
of the wave packet which is depicted in Fig. 4~a!, assuming
the initial oscillation phaseu to bep/2. The damping time
constanttd and the oscillation periodT are assumed to b
430 fs and 290 fs, respectively. By considering the wa
packet, which has a spatial extent shown in Fig. 4~b!, we
have calculated the time dependence of luminescence at
ous photon energies. The results are shown in Fig. 2 by s
curves. They are obtained by the convolution of Eq.~4! with
the experimental response function.

At 1.4 and 1.3 eV, the second peak is very weak, co
pared with the first peak. This shows the returning wa
packet cannot get back to the position for these transi
energies. The energy 1.3 eV corresponds to the transitio
position A shown in Figs. 3 and 4. At 1.2 and 1.1 eV, th
relative intensity of each peak is reproduced by the calc
tion, although the oscillation amplitude in the experimen
data is smaller than that in the calculated curves. At 1.0
the second peak becomes the strongest one. This mean
center of the wave packet has a turning point around
position for this transition energy. PositionB in Figs. 3 and 4
corresponds to the transition energy of 1.0 eV. As 0.9 eV
close to the luminescence energy from the bottom of the S
potential well, the intensity of the oscillation peak show
steady increase because of the damped oscillation of
wave packet. The rise time of the nonoscillating compon
of the luminescence and the lifetime of oscillation at 0.9
are close to each other. At 0.8 eV, the disappearance o
oscillation is reproduced by the calculation. The disappe
ance of the oscillation around the peak energy can be c
sidered as follows. As the period of the wave-packet osci
tion is about 300 fs, the wave packet passes the S
potential minimum~positionC in Figs. 3 and 4! every 150 fs.
Thus, the period of the oscillation in luminescence obser
at 0.8 eV should be 150 fs. This oscillation is hidden in o

FIG. 4. ~a! Time development of the central position of th
wave packet,Qc(t), assumed in the calculation.~b! Gaussian-
shaped wave packet assumed in the calculation. The scale of tQ
axis is exactly the same as that in Fig. 3.
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experiment because half the period~75 fs! is shorter than our
experimental time resolution~90 fs!. At this energy, only one
peak is observed at the very early time. It is not reprodu
in the calculation. At 0.7 eV in the low-energy side of th
band ~position D!, the oscillation due to the wave pack
appears again both in experiment and calculation. Howe
the intensity before 500 fs in the experiment is rather str
ger than the calculated one.

Except for a few deviations, the calculated curves ha
reproduced some important features of the experimental
in spite of its simpleness. This shows that the vibratio
relaxation is well expressed by the damped oscillation of
wave packet in the adiabatic potential well. It is known fro
theoretical investigations that the transient optical respo
of localized centers is well described by the damped osc
tion of the phonon wave packet.15,16 The local vibration
mode associated with a localized center is believed to be
interaction mode consisting of the linear superposition
bulk phonon modes that are extending over the whole c
tal. If the frequency of the relevant bulk phonon mode ha
broad spectral width, the oscillation in the interaction mo
will be damped due to the dephasing among the pho
modes. The vibrational energy is dissipated to the wh
crystal through the bulk modes. Thus, the dephasing of
oscillation and the energy relaxation should proceed in
same time scale. At 0.9 eV, the rise of luminescence and
decay of the oscillation have proceeded in almost the sa
time scale and within several vibration periods. This fa
shows that the vibrational relaxation in this case is well u
derstood by considering the STE mode to be the interac
mode, which has a broad spectral width. In PtBr, the sy
metric stretching vibration mode of bromine ions arou
Pt31r along the chain in the CDW ground state is know
from Raman-scattering measurement, to have the freque
of 166 cm21 at the center of the Brillouin zone.17 The fre-
quency of the STE mode observed in our luminescence s
troscopy~about 100 cm21) is considerably lower than that
In far-infrared spectra of PtBr, however, several vibrati
modes are observed around 100 cm21.18 They might have
made a significant contribution to the frequency spectrum
the STE mode.

At 1.2 and 1.1 eV, the oscillation amplitude in the expe
ment has been smaller than that in the calculation. In ad
tion, the observed one oscillation peak at 0.8 eV is not
produced in the calculation. Although we assumed the spa
extent of the wave packet to be constant, these discrepan
show that the behavior of the wave packet is more com
cated. As can be seen in Fig. 2, at 0.7 eV, the intensity of
first and second oscillation peaks relative to the slow de
component is strong compared with the calculated one.
stationary luminescence spectrum in PtBr is known to sh
asymmetry, and the intensity in the low energy side of
band is relatively weak.19 This shows that the relevant po
tential curves deviate from the ideal harmonic ones, wh
have been drawn in Fig. 3. This deviation might have cau
the weak relative intensity of the slow decay componen
0.7 eV, i.e., the strong relative intensity of the first and s
ond oscillation peaks at this energy. The anharmonicity
the potential curves should also be included in the mode
we want to construct a more realistic one.
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As shown in Fig. 4, we have assumed the generation
wave packet att50 at the potential minimum. Before star
ing the wave-packet oscillation, the system should exp
ence a transition process from a free exciton state to a lo
ized exciton state. This is a different point of our study fro
the spectroscopy of molecules that has used the Fra
Condon transition between the relevant potential curves
optical excitation.1,3 Before the transition process of excito
the state of the system is well defined by the wave numbk
of the exciton wave function. The excitons may experien
the intraband energy relaxation. During the transition,
exciton wave function shrinks, and after the transition,
state of the system is described by the real-space wave f
tion of atoms surrounding the localized exciton shown
Fig. 3. If we want to treat the relationship between t
change in the spatial extent of the exciton wave function
the time development of the atomic wave function, we ha
to treat the electron-lattice interaction in a strict way. T
transition process should have significant influence on
wave-packet dynamics especially during the first 1/4 osci
tion. This process is, however, very complicated and
unsolved in this study. What we can assert here from
a
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luminescence spectroscopy is that, in the present case o
D system, the change of the state of excitions during
self-localization process, by itself, does not lead to the
struction of the phase coherence of the established loca
brational states. We believe the detail of the transition p
cess is a very interesting problem for the future.

In conclusion, we observed the femtosecond tim
resolved luminescence from a quasi-1D Pt complex, P
and succeeded in the observation of the wave-packet osc
tion with the period of about 300 fs. This experiment de
onstrates the availability of time-resolved luminescen
spectroscopy as the method of the observation of a w
packet. By observing the time dependence of luminesce
over a wide emission energy range, we have been abl
trace the position of the wave packet in the configurat
space in real time. The experiment and calculation h
shown that the vibrational relaxation in the STE is well e
pressed by the damped oscillation of a wave packet. It os
lates for about five periods around the STE potential m
mum. The STE’s nonradiatively annihilate with the lifetim
of about 5.5 ps.
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